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Abstract 
 
The goal of this dissertation is the energy, environmental and economic evaluation of micro com-
bined heat and power (CHP) systems that are used in the residential sector. The operation of micro 
CHP system results in simultaneous production of heat and power. In the framework of the disserta-
tion, all the micro CHP alternatives will be analyzed thoroughly and an integrated evaluation model 
that will be linked to the energyPRO building simulation software.  
The energyPRO software simulation tool was used in order to properly size the engine using the max-
imum rectangle principle and evaluate all possible scenarios. The engine is set up to follow the ther-
mal demand since all the electricity that is producing is fed into the grid. 
Five different scenarios are examined including a chp gas engine with electric water heaters, a chp 
gas engine that covers both space heating and domestic hot water demands, a chp gas engine with a 
thermal storage tank, a chp gas engine with a new gas-fired boiler and replacing only the oil-fired 
boiler with a new gas-fired one. Moreover, a chp gas engine is also installed in a new building in or-
der to evaluate the economic feasibility. 
In addition, an economic and environmental assessment (including CO2 and SO2 emissions) are con-
ducted on all possible scenarios. 
Results show that implementing a chp gas engine (4.7kWe – 12.5kWth) with a thermal storage tank 
coupled with a new gas-fired boiler in the existing building is the most favourable scenario, which 
reduces the annual operating cost by 50% and has a discounted payback period of 3.5 years, fol-
lowed by the scenario that an oil-fired boiler is replaced with a gas-fired one. 
As far as the new building is concerned, the energy demand is much lower than the existing building 
so the installation of a micro chp gas engine offers fewer savings in the annual operating cost. The 
gas engine used here is inevitably smaller than the previous case, with a rated power of 1kWe and 
3.25kWth. In this scenario the annual operating cost is reduced by 31.5% but the discounted payback 
period is 12.2 years. 
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1. Introduction 
 
The electricity systems of many countries are currently undergoing a process of transformation. Mar-
ket liberalization has induced major mergers and acquisitions in the electricity sector, but has also 
forced companies to seek out new business areas. Environmental regulations, like the Kyoto process 
and the European Emissions Trading Scheme, are exposing the sector to external pressure. New 
technologies – such as renewable energy, combined heat and power (CHP), or clean coal technolo-
gies – are emerging. Recent worldwide experiences with blackouts have once more put security of 
supply on the agenda. In Germany, the nuclear phase-out and decommissioning of outdated coal 
plants will lead to a need for replacement of more than one third of the current generation capacity 
by 2020 [1]. 
The need for replacement is an extremely important driving force for the current transformation, 
forcing conventional and new technologies to compete for a role in the future energy supply. The 
overall transformation of electricity systems is neither driven nor shaped by technical or societal 
modifications alone, but rather by a rich diversity of processes in the realms of technology, politics, 
society and economy. Achieving sustainable development in the energy sector entails specific quali-
ties characterizing the changes which need to be undertaken. Climate change and limited fossil re-
sources call for a reduction of non-renewable primary energy input and greenhouse gas (GHG) emis-
sions by 50 to 80 % by 2050 [1]. The resulting structural transformation will require innovation in 
many different realms, including the development of new technologies, new forms of corporate or-
ganization, new user routines, new institutional arrangements for governance, new conceptions re-
garding how problems should be understood, and new means of measuring electricity system per-
formance. 
One possible developmental path is decentralization of the electricity system. Distributed power 
generation in small, decentralized units is expected to help in reducing emissions and saving grid ca-
pacity, while also providing opportunities for renewable energy. It could thus form a constituent part 
of a more sustainable future. Broad implementation of distributed generation, however, would imply 
thorough going structural change as well as a surge in innovation. This is the combined production of 
electricity and heat in small units that are directly embedded in the buildings where the heat and 
electricity are to be used. This configuration is referred to as micro cogeneration [1]. 
Compared to the currently dominant pattern which combines electricity production in central plants, 
supplying 100,000 buildings at once, with separate on-site heating systems, micro cogeneration 
would make a fundamental difference in electricity systems if it actually became widely implement-
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ed. It not only integrates technological as well as cultural and institutional components, but also en-
tails the potential for reducing the ecological impacts of electricity production. Micro cogeneration 
thus offers a rewarding opportunity for studying the conditions facing radical innovations in poten-
tially unfavorable regime contexts. At the same time, when market and economic factors become 
favorable, micro cogeneration may have the potential for reaching a considerable market size, 
thereby helping to advance other downstream or system innovations, such as the “virtual power 
plant” or new household energy-management systems, combined with altered consumer awareness. 
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2. Micro Cogeneration Technology 
 
In this chapter, the micro cogeneration technology is presented and the conversion engines are re-
viewed. 
 
2.1 Defining Micro Cogeneration 
 
The principle of cogeneration has long been known. As early as the first decade of the 20th century, a 
number of cogeneration units were already supplying heat and electricity to houses and companies. 
Cogeneration, or combined heat and power production (CHP), is the process of producing both elec-
tricity and usable thermal energy (heat and/or cooling) at high efficiency and near the point of use. It 
thus incorporates three defining elements: 1) the simultaneous production of electricity and heat; 2) 
a performance criterion of high total efficiency; and 3) a location criterion concerning the proximity 
of the energy conversion unit to a customer. While the discussion on micro cogeneration, or micro 
CHP, has only recently gained momentum, the technological roots of micro cogeneration go back to 
the early development of steam and Stirling engines in the 18th and 19th century, respectively. To-
day, several technologies exist that are capable of providing cogeneration services, such as recipro-
cating engines, gas turbines, Stirling engines, and fuel cells. But, in principle, the exhaust heat from 
any thermal power plant, such as gas combined-cycle power plants or coal power plants, can be used 
for cogeneration applications. Advances in the technology, as well as a general trend towards smaller 
unit sizes of power plants, have led to an increased interest in small CHP units, with the hope of ulti-
mately developing units that can provide electricity and heat for individual buildings. This is called 
micro cogeneration which is defined as the simultaneous generation of heat, or cooling, energy and 
power in an individual building, based on small energy conversion units below 15 kWel. Whereas the 
heat produced is used for space and water heating inside the building, electricity produced is used 
within the building or fed into the public grid. Systems below 15 kWel can be directly connected to 
the three-phase grid. Moreover, the barriers all CHP systems have to face are more pronounced in 
the case of such small systems. The technological core of micro cogeneration is an energy conversion 
unit that allows the simultaneous production of electricity and heat in very small units. In addition to 
this core, further technology components are involved in a micro cogeneration system (Picture 1), 
such as well-developed grid access, including possible metering and control devices. In the remainder 
of this chapter, the various technological components of such a system will be described in detail [1]. 
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Picture 1: Technological components of a micro cogeneration system 
 
2.2 Conversion Technologies 
 
A conversion technology serves to convert chemical energy that is stored within a fuel into “useful” 
forms of energy, i.e. electricity and heat. A number of different conversion technologies have been 
developed which have domestic CHP applications (Picture 2). The conversion process can be based 
on combustion and subsequent conversion of heat into mechanical energy, which then drives a gen-
erator for electricity production (e.g. reciprocating engines, Stirling engines, gas turbines and steam 
engines). Alternatively, it can be based on direct electrochemical conversion from chemical energy to 
electrical energy (i.e. fuel cell). Other processes include photovoltaic conversion of radiation (e.g. 
thermo photovoltaic devices) or thermoelectric systems. In principle, most conventional cogenera-
tion systems can be downscaled for micro cogeneration applications. However, some of them have 
yet to be successfully implemented for very small applications. Micro gas turbines, for instances, 
have only been developed with capacities above 25 kWel and are thus not categorized as micro co-
generation technologies according to the definition given earlier. 
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Picture 2: Cogeneration technologies and conversion steps [1] 
 
2.2.1 Reciprocating Engines 
 
Reciprocating engines can be used to produce shaft power. The shaft power can then be used to 
drive a generator to produce electrical power. The shaft power can also be used to operate equip-
ment such as compressors and pumps. The application of reciprocating engines is widespread and 
highly developed. Reciprocating engines use natural gas, propane, gasoline, diesel and biofuels to 
produce 0.5 kW to 10 MW of power. A diesel fuel engine generator set is shown in Picture 3 and 4. 
Reciprocating engines exhibit characteristics that are advantageous for micro-CHP applications. Re-
ciprocating engines used for power generation have proven reliability, good load-following character-
istics, low capital cost, fast startup, and significant heat recovery potential. Recent advances in com-
bustion design and exhaust catalyst have also helped reduce overall emissions of reciprocating en-
gines. Currently, reciprocating engines are the most widely used distributed energy technology. Typi-
cal electrical conversion efficiencies are in the range of 25% to 40%. The overall thermal efficiencies 
of these systems increase with the incorporation of thermally activated components. The thermal 
energy in the engine cooling system and exhaust gases from reciprocating engines can often be re-
captured and used for space heating, for hot water heating and for driving thermally activated com-
ponents. Shaft power from the engine can also be used to power thermal components, such as gas 
vapor compression chillers. Such chillers are very similar to electric-driven chillers with the exception 
that the compressor is driven by the reciprocating engine rather than an electric motor. 
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Picture 3: Model D13-2, 12-kW Diesel Engine Generator Set from Caterpillar 
 
 
Picture 4: Principle components of a reciprocating engine system [1] 
 
Emissions of reciprocating engines tend to be higher than that of other distributed generation 
equipment. Due to the emissions and noise emitted by these engines, care must be exercised in the 
location of the engine with respect to the occupants of the building. In some areas, local air quality 
standards may limit the use of reciprocating engines [2]. 
 
Application 
 
Reciprocating engine generator sets are the most common and most technically mature of all distrib-
uted energy resources (DER) technologies. Reciprocating engines can be used for a variety of applica-
tions due to their small size, low unit costs, and useful thermal output. Applications for reciprocating 
engines in power generation include continuous or prime-power generation, peak shaving, back-up 
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power, premium power, remote power, standby power, and mechanical drive use.  
Reciprocating engines are an ideal candidate for applications in which there is a substantial need for 
hot water or low pressure steam. The thermal output can be used in an absorption chiller to provide 
cooling. Comparatively low installation costs, suitability for intermittent operation, and high temper-
ature exhaust make combustion engines an attractive option for micro-CHP. Internal combustion en-
gines utilize proven technologies with a well established infrastructure for mass production and mar-
keting. The development of combustion engines has also formed a maintenance infrastructure with 
certified technicians and relatively inexpensive and available parts are available. Due to the long his-
tory and widespread application, internal combustion engines are a more developed technology than 
most prime movers considered for micro-CHP. 
 
Heat Recovery 
 
Traditional large-scale electric power generation is typically about 30% efficient, while combined cy-
cle plants are typically 48% efficient. In either case, the reject heat is lost to the atmosphere with the 
exhaust gases. In an internal combustion engine, heat is released from the engine through coolant, 
surface radiation, and exhaust. Engine-driven micro-CHP systems recover heat from the jacket water, 
engine oil, and engine exhaust. Low pressure steam or hot water can be produced from the recov-
ered heat, and can be used for space heating, domestic hot water, and absorption cooling. 
Heat from the engine jacket coolant is capable of producing 93oC hot water and accounts for approx-
imately 30% of the energy input from the fuel. Engines operating at high pressure or equipped with 
ebullient cooling systems can operate at jacket temperatures of up to 129oC. Engine exhaust heat 
can account for 10 – 30% of the fuel input energy and exhaust temperatures 455oC – 649oC are typi-
cal. Because exhaust gas temperatures must be kept above condensation thresholds, only a portion 
of the exhaust heat can be recovered. Heat recovery units are typically designed for a 150oC – 180oC 
exhaust outlet temperature to avoid corrosive effects of condensation in the exhaust piping. Low-
pressure steam of 1.03 bar and 110oC hot water are typically generated using exhaust heat from the 
engine. The combined heat recovery of the coolant and exhaust in conjunction with the work pro-
duced by combustion can utilize approximately 70 – 80% of the fuel energy. Picture 5 shows a heat 
balance for a representative reciprocating engine [2]. 
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Picture 5: Heat Balance for a Representative Reciprocating Engine [3] 
 
Cost 
 
Reciprocating internal combustion (IC) engines are the traditional technology for emergency power 
all over the world. They have the lowest first costs among DER technologies. The capital cost of a 
basic gas-fueled generator set (genset) package ranges from €300 - €1,100/kW, depending on 
size, fuel type, and engine type. Generally speaking, the overall engine cost increases as power out-
put increases. The total installed cost can be 50-100% more than the engine itself. Additional costs 
include balance of plant (BOP) equipment, installation fees, engineering fees, and other owner costs. 
Installed costs of micro-CHP projects using IC engines typically range between €800/kW - €2,000/kW. 
The maintenance costs over the life of IC engines can be significant. The core of the engine mainte-
nance is in the periodic replacement of engine oil, coolant, and spark plugs (if spark ignition). 
Routine inspections and/or adjustments are also necessary. Maintenance costs of gas and diesel 
IC engines range between €0.007 - €0.015/kWh and €0.005 - €0.010/kWh respectively [4]. 
 
Advantages and Disadvantages 
 
Reciprocating engines are generally less expensive than competing technologies. They also have 
start-up times as low as ten seconds, compared to other technologies that may take several hours to 
reach steady-state operation. Through years of technology advancements, reciprocating engines 
have climbed in efficiency from under 20% to over 30%. Today's most advanced natural gas - fueled 
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IC engines have electrical efficiencies (based on lower heating value, LHV) close to 45% and is among 
the most efficient of the commercially available prime mover technology. Lower heating values ne-
glect the energy in the water vapor formed by the combustion of hydrogen in the fuel. This water 
vapor typically represents about 10% of the energy content.  
 
Advantages of reciprocating engines include: 
 
• Available in a wide range of sizes to match the electrical demand 
• Fast start-up and adjustable power output 
• Minimal auxiliary power requirements, generally only batteries are required. 
• Demonstrated availability in excess of 95% 
• In load following applications, high part-load efficiency of IC engines maintains economical op-
eration 
• Relatively long life and reliable service with proper maintenance 
• Very fuel flexible 
• Natural gas can be supplied at low pressure 
 
Disadvantages of reciprocating engines are: 
 
• Noisy operation 
• Require maintenance at frequent intervals 
• Relatively high emissions to the atmosphere 
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2.2.2 Microturbines 
 
Microturbines (Picture 6, 7, 8) were derived from turbocharger technologies found in large trucks or 
the turbines in aircraft auxiliary power units (APUs) and have a capacity range of 25 kW to 500 kW. 
Microturbines utilize a variety of fuels including natural gas, propane, and biofuels. Electrical energy 
efficiencies of 25% to 30% are capable with the use of regenerators. Microturbines have fewer mov-
ing parts than other generation equipment of similar capacity, creating the potential for reduced 
maintenance intervals and cost.  
Though the generating capacity of microturbines is above the range defined in the micro-CHP re-
gime, microturbines have considerable potential in on-site power generation applications such as 
apartment complexes and clusters of small commercial buildings. 
 
 
Picture 6: Capstone C30 Microturbine [5] 
 
 
 
Picture 7: Capstone’s C30 micro turbine generator [5] 
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Picture 8: System diagram of micro CHP gas turbine [6] 
 
The waste heat from a microturbine is primarily in the form of hot exhaust gases. This heat is suita-
ble for powering a steam generator, indirect heating of a building, allocation to thermal storage de-
vices, or use in heat-driven cooling systems. Most designs incorporate recuperators that limit the 
amount of heat available for micro-CHP applications. Microturbines have relatively low emissions 
and noise and also have low maintenance costs. Another advantage is that microturbines are rela-
tively small in size or footprint. The fuel flexibility and quantity of hot exhaust gases make micro-
turbines an advantageous technology for micro-CHP and cogeneration applications. 
 
Application 
 
Markets for microturbines include commercial and light industrial facilities. Microturbines can be 
used for stand-by power, power quality and reliability, peak shaving, and cogeneration applications. 
In addition, because microturbines are being developed to utilize a variety of fuels, microturbines are 
used for resource recovery and landfill gas applications. Microturbines are well-suited for small 
commercial establishments such as restaurants, hotels, motels, small offices, retail stores. 
The development of the microturbine technology for transportation applications is also in progress. 
Automotive companies are interested in microturbines to provide a lightweight and efficient fossil-
fuel-based energy source for hybrid electric vehicles, especially buses. Microturbines are also being 
developed to utilize a variety of fuels and are being used for resource recovery and landfill gas 
applications. 
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Heat Recovery 
 
The waste heat from a microturbine is primarily in the form of hot exhaust gases. This heat is suita-
ble for powering a steam generator, heating of a building, allocation to thermal storage devices, or 
use in absorption cooling system. However, most designs incorporate a recuperator that limits the 
amount of heat available for micro-CHP applications. 
The manner in which the waste heat can be used depends upon the configuration of the turbine sys-
tem. In a non-recuperated turbine, the exhaust gas typically exits at a temperature between 538oC – 
594oC. A recuperated turbine can provide waste heat for heating and operating an absorption cooling 
system at exhaust temperatures around 271oC. The recovered heat can also be used to drive a desic-
cant dehumidification device. The use of the recovered heat influences the selection of the micro-
turbine with or without a recuperator. 
 
Cost 
 
The capital costs of microturbines range from €800 - €2,100/kW when mass produced. These costs 
include all hardware, associated manuals, software, and initial training. Adding heat recovery com-
ponents increases the cost by €75- €350/kW. Installation and site preparation can increase the 
capital costs by 30 - 50%. Manufacturers are striving for future capital costs of microturbines to be 
below €650/kW. This goal appears feasible if the market expands and sales volumes increase. 
With fewer moving parts, vendors hope their microturbines can provide higher reliability and require 
less maintenance than conventional reciprocating engine generators. The single-shaft design with air 
bearings will not require lubricating oil or water. Microturbines that use lubricating oil should not 
require frequent oil changes as the oil is isolated from the combustion products. 
Manufacturers expect microturbines to require maintenance once-a-year when the technology ma-
tures and are targeting maintenance intervals of 5,000 – 8,000 hours. Actual maintenance costs and 
intervals for mature microturbines are less well known since there is a limited base of empirical data 
from which to draw conclusions. Forecasted maintenance costs for microturbines range from €0.005 
– €0.016 per kWh. 
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Advantages and Disadvantages 
 
The operation of a microturbine offers several advantages. Microturbines have fewer moving parts 
than IC engines. The limited number of moving parts and the low lubrication requirements allow 
microturbines long maintenance intervals. Accordingly, microturbines have lower operating costs in 
terms of cost per kilowatt of power produced. Another advantage of microturbines is their relatively 
small size for the amount of power that is produced. Microturbines are also light weight and have 
relatively low emissions. Potentially, one of the greatest advantages of microturbines is their ability 
to utilize a number of fuels, including waste fuels or biofuels. Microturbines have great potential in 
cogeneration applications because microturbines produce a large quantity of clean, hot exhaust gas-
es compared to other distributed generators. 
The primary disadvantages of microturbines are that they have a low fuel to electrical efficiency. Al-
so, with higher elevation and increased ambient temperatures, microturbines experience a loss of 
power output and efficiency. The ambient temperature directly affects the temperature of the air at 
the intake. A gas turbine will operate more effectively when colder air is available at the intake. A gas 
turbine cycle must compress the inlet air and the greater the compression, the greater efficiency. 
Another potential disadvantage is that microturbines experience more efficient operation and re-
quire less maintenance when operated continuously. 
 
2.2.3 Stirling Engines 
 
The Stirling engine is a type of external combustion piston engine which uses a temperature differ-
ence to produce motion. The cycle is based on the behavior of a fixed volume of gas. The heat 
source used to provide the temperature difference can be supplied by a wide variety of fuels or solar 
energy. The Stirling engine has only seen use in specific and somewhat limited applications. However, 
recently many companies have begun research and development related to Stirling engines due to 
their potential for micro-CHP applications and solar power stations. 
Stirling engines typically have an electrical efficiency in the range of 12% to 25%. This efficiency can 
be increased with the use of recuperators. The operation of a Stirling engine requires that one side of 
the engine remain hot while the other side remains cool. This requirement makes heat recovery an 
integral part of the operation of a Stirling engine. Heat can be recovered from dissipation of the heat 
source and through the use of heat exchangers on the cool side of the engine. Stirling engines have 
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low emissions and create low noise levels. These engines are also mechanically simple, and be-
cause there is no internal combustion, the maintenance requirements of Stirling engines are relative-
ly low. However, due to design, Stirling engines are heavy and large for the amount of power gener-
ated. Stirling engines also have one of the higher capital costs of distributed power generation tech-
nologies. The SOLO 9-kW Stirling engine based micro-CHP unit is shown in Picture 9. 
Stirling engines use a displacer piston to move the enclosed gas back and forth between the hot 
and cold reservoirs. The gas expands at the hot reservoir and displaces a power piston, producing 
work while at the same time forcing the gas to move to the cold reservoir. At the cold reservoir, 
the gas contracts, retrieving the power piston and closing the cycle. The operation of a Stirling en-
gine can be best understood by examining the operation of a two-cylinder (or alpha) Stirling engine. 
In the two-cylinder Stirling engine, one cylinder is kept hot while the other is kept cool. The other 
cylinder is kept cool by an air cooled sink. In a two-cylinder Stirling engine each piston acts as 
both a power piston and displacer piston. 
 
 
Picture 9: SOLO 9-kW Stirling Engine [7] 
 
Application 
 
Stirling engines are an old technology; however their use became limited with the improvement of 
steam engines and the invention of the Otto cycle engine. Recent interest in distributed energy has 
revived interest in Stirling engines. Stirling engines can be used in a variety of applications due 
to their thermal output, simple operation, low production costs, and relatively small size. Applica-
tions for Stirling engines include power generation units for space crafts and vehicles, small aircraft, 
refrigeration, micro-CHP, solar dish application, and small scale residential or portable power genera-
tion.  
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Commercially available Stirling engines can produce between 1 kW – 25 kW. Stirling engine technol-
ogy has been widely used in England and Europe with great success, particularly in the micro-
CHP arena. However, a very small percentage of the world’s electrical capacity is currently provided 
through the use of Stirling engines. 
 
Heat Recovery 
 
Traditional large-scale electric power generation is typically about 30% efficient, while combined cy-
cle power plants are approximately 48% efficient. In either case, the reject heat is lost to the atmos-
phere with the exhaust gases. Stirling engines are typically in the range of 15 – 30% efficient, with 
many reporting efficiencies of 25 – 30%. The overall efficiencies of these systems can be greatly in-
creased by recovering the waste heat. 
A high percentage of the Stirling engine heat losses will go to the cooling fluid instead of into the 
exhausts, which makes the Stirling engine suitable for combined heat and power generation. Typical 
operating temperatures range from 650oC – 800oC, resulting in electrical engine conversion efficien-
cies of around 30% to 40% when a recuperator is included in the engine system. These high operating 
temperatures can convert into high quality waste heat. The reject heat can be recaptured through 
piping the cooling fluid through a heat exchanger and by ducting the exhaust gases through a heat 
exchanger to produce hot water [2]. 
 
Cost 
 
The capital costs of Stirling engines are comparably high and vary greatly depending upon manufac-
turer (€2,000 - €50,000). And, overall cost increases with size. However, several companies have tar-
geted Stirling technology for micro-CHP units and have achieved relative success. These companies 
include PowerGen, WhisperTech, Sunpower and ENATEC [2]. 
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Advantages and Disadvantages 
 
Some advantages of Stirling engines are: 
 
• The burning of the fuel air mixture can be more accurately controlled due to the external heat 
source 
• Emission of unburned fuel can be eliminated as a continuous combustion process can be used 
to supply heat 
• Less lubrication is required leading to greater periods between overhauls because the bearings 
and seals are placed on the cool side 
• Simplicity of design; no valves are needed, fuel and intake systems are very simple 
• Low noise and vibration free operation 
• Low maintenance and high reliability 
• Multi-fuel capability 
• Long service life 
 
Some disadvantages of Stirling engines are: 
 
• High costs 
• Low efficiencies 
• Require both input and output heat exchangers which must withstand the working fluid pres-
sure and resist corrosion effects 
• Relatively large for the amount of power they produce due to the heat exchangers 
• Cannot experience instantaneous start-up 
• Power output is relatively constant and rapid change to another level is difficult to achieve 
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2.2.4 Rankine Cycle Engines 
 
Rankine cycle engines are based upon the well known thermodynamic cycle that is used in most 
commercial electric power plants. The shaft power from a Rankine cycle engine is used to drive an 
electric generator in the same manner as reciprocating or Stirling engines. Rankine cycle engines 
have relatively low electrical conversion efficiency. However, as micro-CHP technologies are designed 
to follow the thermal load, this low electrical efficiency becomes less of a drawback because signifi-
cant thermal energy that can be recovered from a Rankine cycle engine. The durability and perfor-
mance characteristics of Rankine cycle engines are also well known, and low production costs are a 
potential benefit. 
The construction of a Rankine cycle engine allows heat to be recaptured easily through the use of a 
condenser, which is already a component in the engine cycle. Currently, Rankine cycle engines for 
micro-CHP applications are in the development stage. As a result, cost and specific performance 
characteristics are not yet defined. A Cogen Microsystems 2.5 kW micro-CHP unit based on a Rankine 
cycle engine is pictured in Picture 10. 
 
 
Picture 10: Cogen Microsystems 2,5kW Rankine Cycle micro-CHP Unit [8] 
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Application 
 
The advantage of the Rankine cycle for power plants is that the working fluid is a liquid. Many times 
this liquid is water, which is a cheap and readily available resource. Currently, companies such as the 
Baxi Group, Enginion, and Cogen Microsystems are exploring the possibility of using Rankine Cycle 
engines for micro-CHP. 
 
Heat Recovery 
 
As the Rankine cycle is a closed-loop, which incorporates a condenser, heat recovery can be achieved 
easily at the condenser. However, as most of the Rankine cycle engine technologies for micro-CHP 
are still under development, the quality and quantity of heat that can be recaptured is currently not 
well defined. 
 
Cost 
 
Unfortunately, little is known about potential costs of small-scale Rankine cycle units for micro-CHP. 
As more of these technologies complete the field trial stage of development, more information con-
cerning capital and maintenance costs will be available. 
 
2.2.5 Fuel Cells 
 
A fuel cell converts the chemical energy of a fuel and oxygen continuously into electrical energy. Typ-
ically, the fuel is hydrogen. The energy incorporated in the reaction of hydrogen and oxygen to water 
will be partially transformed into electrical energy. The “secret” of fuel cells is the electrolyte, which 
separates the two reactants, H2 and O2, in order to avoid an uncontrolled, explosive reaction. Basical-
ly, the fuel cell consists of a sandwich of layers that are placed around a central electrolyte: an anode 
at which the fuel is oxidized; a cathode, at which the oxygen is reduced; and bipolar plates, which 
feed the gases, collect the electrons, and conduct the reaction heat (Picture 11). To achieve higher 
capacities, a number of single fuel cells can be connected in series. This is called a fuel cell stack [9]. 
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Picture 11: Basic function of a PEM Fuel Cell [1] 
 
Fuel cell micro cogeneration units (Picture 12) are either based on Polymer Electrolyte Fuel Cells 
(PEFC; also Proton Exchange Membrane Fuel Cell, PEMFC), using a thin membrane as an electrolyte 
and operating at about 80°C, or Solid Oxide Fuel Cells (SOFC), which are high-temperature fuel cells 
working at 800°C. Recent efforts have been working toward the development of high-temperature 
molten carbonate fuel cells for this lowpower segment. Typically, natural gas is the available fuel for 
micro cogeneration applications. It mainly consists of the hydrogen-containing methane (CH4), which 
is converted into hydrogen in a so-called reforming reaction. This takes place either in a separate de-
vice, the reformer, or, as in the case of high-temperature fuel cells, inside the stack (internal reform-
ing) [9]. 
Taking natural gas as the dominant fuel for fuel cells: In the short- and medium-term perspective, 
low temperature fuel cells (Proton Exchange Membrane Fuel Cells, PEMFC) in the low-power range 
may reach seasonal electrical efficiencies on the order of 28 to 33%; in the long-term it is possible to 
achieve up to 36% for domestic systems. However, it is so far unclear whether fuel cell systems can 
achieve the same thermal efficiencies as promised by the competing technologies. This is due to the 
fact that the heat cannot be extracted at well-defined points in the system, but rather at many dis-
persed heat sources, leading to greater measures being required for insulation and heat exchange. 
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Picture 12: Plug Power Fuel Cell Unit 
 
Application 
 
Fuel cells are being developed for stationary power in small commercial and residential markets and 
as peak shaving units for commercial and industrial uses. Some fuel cells, such as PEMFC, are current-
ly undergoing development for use in automobiles and portable power applications. 
Phosphoric acid fuel cells have been installed at medical, industrial, and commercial facilities 
throughout the country, and the 200-kW size is a good match for distributed generation applications. 
The operating temperature is about 200oC, which is suitable for co-generation applications. Develop-
ers are targeting commercial and light industrial applications in the 100-200 kW power range, for 
both electric-only and cogeneration applications. 
The high efficiency and high operating temperature of MCFC units makes them most attractive for 
base-loaded power generation, either in electric-only or cogeneration modes. Potential applications 
for the MCFC are industrial, government facilities, universities, and hospitals. 
Solid oxide fuel cells are being considered for a wide variety of applications, especially in the 5 – 250 
kW size range. These applications include small commercial buildings, industrial facilities, micro-CHP, 
and base load utility applications. 
Proton exchange membrane fuel cells are currently undergoing the most rapid development of any 
fuel cell type. Part of this development has been driven by the desire of automotive manufacturers 
to develop a fuel cell powered automobile. This surge in development has led to breakthroughs for 
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stationary power applications as well. Research is aimed at commercial-sized power generation (e.g. 
Ballard's 250 kW unit) and residential power generation (e.g. Plug Power's 3-5 kW units). For the 
units to achieve market potential, natural gas is selected as the fuel of choice. Reject system heat in 
the form of hot water makes them particularly attractive for cogeneration, which is included in al-
most all products currently under development. 
 
Heat Recovery 
 
The type of fuel cell determines the temperature of the heat rejected during operation and directly 
influences the fuel cell type’s suitability for micro-CHP applications. Low temperature fuel cells create 
waste heat suitable for producing hot water and in some cases, low pressure steam. Lower tempera-
ture fuel cells such as the PAFC and PEMFC produce lower quality waste heat and are suitable for 
small commercial and industrial cogeneration applications. The MCFC and the SOFC operate at high 
temperatures and are capable of producing waste heat that can be used to generate steam for use in 
a steam turbine, or combined cycle microturbine. If space cooling is considered and an absorption 
chiller is to be used, the recaptured heat should be at a temperature of at least 85oC. 
 
Cost 
 
The initial cost of fuel cells is higher than those of other electricity generation technologies. The only 
product available commercially today is the PureCell 200 (formerly PC-25) built by UTC Power. The 
cost of the unit is approximately €3,500/kW. The installed cost of the unit approaches €1 million. At a 
rated output of 200 kW, this translates to about €5,000/kW, installed. However, on January 3, 2005, 
Delphi Corp., in partnership with the DOE’s advanced fuel cell development program, reported that 
researchers have exceeded the government’s €400/kW power cost goal for fuel cells. At this price, 
fuel cells could compete with traditional gas turbine and diesel electric generators and become viable 
power suppliers for the transportation sector [2].  
As no combustion is occurring, and there are no moving parts, fuel cells are expected to have mini-
mal maintenance requirements. The primary maintenance will be focused on preventing poisoning of 
the catalyst and periodic inspection and maintenance to the fuel supply system and fuel reformers. 
The cell stack itself will not require maintenance until the end of its service life. Fuel cell system 
maintenance requirements vary with the type of fuel cell, size, and maturity of the equipment. Major 
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overhaul of fuel cell systems involves shift catalyzer replacement, reformer catalyzer replacement, 
and stack replacement. The maintenance and reliability of the system still needs to be proven in a 
long-term demonstration. Maintenance costs of a fuel cell are expected to be comparable to that of 
a microturbine, ranging from €0.005 - €0.010/kWh [2]. 
 
Advantages and Disadvantages 
 
Each fuel cell type will have advantages and disadvantages in certain areas, both as compared to 
other fuel cell technologies and other DER equipment. Fuel cells convert chemical energy directly 
into electricity without the combustion process. As a result, a fuel cell does not incur losses resulting 
from mechanical inefficiencies. Fuel cells can achieve high efficiencies in energy conversion terms, 
especially where the waste heat from the cell is utilized in cogeneration. A high power density allows 
fuel cells to be a relatively compact source of electric power, a benefit in applications with space con-
straints. In a fuel cell system, the fuel cell itself is often smaller than the other components of the 
system such as the fuel reformer and power inverter. Fuel cells, due to their nature of operation, are 
extremely quiet in operation. This allows fuel cells to be used in residential or built-up areas where 
the noise pollution is undesirable.  
Unfortunately, the primary disadvantage of the fuel cells is the cost. The two basic reasons are high 
component costs compared to other energy systems technology and fuel cell operation requires a 
continuous, highly selective, expensive fuel supply. 
 
2.3 Grid Integration, Communication Technology and Virtual Power Plants 
 
For operation in the context of a larger system, for instance as a “virtual power plant”, effective de-
vices are required for communication between micro cogeneration units and system operator. These 
devices should support the optimal operation of the cogeneration system by effectively matching the 
operation of the individual systems with the demands of the user and of the grid operator. Network-
ing of several micro cogeneration devices is possible on several levels: 
 
 Microgrids that physically connect the micro cogeneration units to several customers without 
further transferring information between the units, thus forming a more or less independent 
grid 
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 Information technologies connecting the micro cogeneration units to a data server, and 
 “Virtual power plants”, which combine the information technologies with a central manage-
ment system. 
 
Communication interfaces are currently being developed by several manufacturers, allowing addi-
tional features such as web-based control of the power plant, as well as alarm devices, automated 
data collection and alerts to maintenance companies in case of failures, etc. With respect to house-
holds, similar communication devices could be developed to form energy management systems for a 
household. Such home load management could actively influence loads, depending on external sig-
nals (for instance time-dependent electricity rates), defer and prioritize loads, and, ultimately, act as 
a “home energy broker”, automatically selling to or buying electricity from other customers [1].  
Taking this a step further, the micro cogeneration unit could be externally controlled by a central op-
erator to exploit additional benefits and services. In several projects, such as in the Vaillant field test 
program, suitable communication pathways for such communication strategies are being investigat-
ed. For instance, an easy and cheap method of communication could be unidirectional ripple control 
technologies, which allow the utility to turn the power plant on or off in periods of peak or low de-
mand. Data management through the internet, Powerline technology, SMS or other forms of bi-
directional data flows would be even more advanced. The concept of communicative networking 
ultimately leads to the virtual power plant. A virtual power plant consists of a number of geograph-
ically distributed power generation units – generally decentralized and low electrical capacity – which 
are integrated into one larger operational unit by means of a joint control and operator interface. 
The term “virtual” does not refer to the energy flows, but rather to the plant itself, which is not at 
one location, but is rather dispersed among a number of generators. Micro cogeneration units can be 
elements of such a virtual power plant [1]. 
Often, larger CHP units and renewable electricity generating systems, such as wind power and pho-
tovoltaics, are mentioned in the context of virtual power plants. Generally, the coordinated connec-
tion of individual power plants allows for the balancing of fluctuating rates of generation caused by 
renewable energy systems (wind, solar irradiation) or by fluctuating demand (CHP systems). Virtual 
power plants rely on advances in several technological areas to successfully meet customer demand, 
technical and safety standards, cost pressures, and environmental performance. Particularly, infor-
mation and communication technologies and a management system are required for successful inte-
gration of the respective energy systems. The management system often includes a forecasting tool 
to anticipate future generation and demand and to better integrate the individual systems. Commu-
24 
 
nication links to external service providers, such as weather forecasts, electricity stock exchanges, 
and so forth are required if more sophisticated forecasting and optimization are to be realized. Also, 
optimization and simulation tools may form part of the management system of a virtual power plant. 
Possible communication pathways include telephone communication, particularly ISDN and DSL, in-
ternet, ripple control, UMTS, and Powerline technology (where electricity lines are used as a com-
munication medium). Low communication costs are often regarded as crucial for the economic viabil-
ity of virtual power plant. From an energy-economic point of view, virtual power plants could offer 
various ways of reducing costs and increasing revenues [10]:  
 
 Cost reduction: On the hand, there are effects related to “clustered interests”, for instance, 
buying a number of CHP units or service contracts could lead to volume discounts, as well as 
discounts for the fuel needed. Also, lower interest rates could be offered to larger operators 
than to individual power plant operators. On the other hand, the integration of several sys-
tems into one operational unit could lead to lower O&M costs, due to automatic early-warning 
systems, or to minimized fuel use (and thus, lower fuel costs), due to optimized operational 
strategies (e.g. optimized operating points, merit order). 
 Increase of revenues: CHP products, particularly electricity, can be marketed differently when 
many systems are pooled, because the specific transaction costs can be lowered and certain 
regulatory requirements can be fulfilled (e.g. in order to participate in the control power mar-
ket, a minimum capacity is required). These options include selling the electricity on spot or 
regulating energy markets.  
 
With these positive economic aspects of virtual power plants in mind, one should note that the 
amount of power that can be devoted to commercialization is usually only marginal because, in many 
cases, the producer’s own consumption of the electricity generated is more lucrative than feeding it 
into the grid, even considering new marketing possibilities. In addition, power generation is com-
bined with heat generation, which has to be used locally. Furthermore, considerable institutional 
barriers impair the realization of alternative ways of commercialization. Other than with virtual pow-
er plants based on larger individual generation units, under present-day conditions, the potentially 
higher proceeds of connected micro cogeneration plants do not justify the high expense for installa-
tion and management of a virtual power plant [10]. 
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2.4 Summary of conversion technologies 
 
In Table 1, different conversion technologies are compared on the basis of selected criteria. In addi-
tion, Picture 13 depicts the status of market development of the various technologies. It is clear that 
the most available technology, market wise, is the reciprocating engine, and so this option is going to 
be used for evaluation in the coming chapters. 
 
Table 1: Conversion Technologies 
Conversion Technology nel (%) 
ntotal 
(%) 
Noise 
Level 
Emissions 
Market 
Availability 
Investment 
Cost (€/kWe) 
O & M Costs 
Reciprocating Engine 25 - 40 65 - 90 Medium 
Rather 
high, de-
pending on 
catalyst 
technology 
Available 800 – 2,000 0.007 – 0.015 
Micro Gas Turbine 15 - 30 65 - 90 Medium 
Low to 
medium 
Available 800 – 2,100 0.005 – 0.016 
Stirling Engine 25 - 30 >85 Low 
Very low to 
medium 
Near to 
market 
2,500 – 4,500 - 
Rankine Cycle Engine - - - - - - - 
Fuel Cell 28 - 35 80 - 85 Low Zero Pilot Plant 3,500 – 5,000 0.005 – 0.010 
 
 
Picture 13: Status of market development of micro-CHP technologies [1] 
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3. Optimal CHP sizing and computational methodology 
 
There are several techniques that can be used for sizing energy systems and optimizing their opera-
tion strategies such as: the maximum rectangle method (MR), linear programming (LP), non-linear 
programming (NLP), mixed-integer nonlinear programming (MINLP), fuzzy logic (FL), and genetic al-
gorithms [11]. 
The aim of sizing is to design a system where the main parameters such as the size (electrical rating) 
of the CHP unit and the rating of the back-up heater are optimally deﬁned. In addition, the optimum 
operation strategy can also be considered at this stage resulting in more realistic results because this 
gives an indication of what size CHP unit is the most appropriate for certain electricity and heat de-
mand proﬁles and energy tariff combinations, rather than estimating the size independently. 
LP techniques are widely used in decision making, especially in economic studies. This technique is 
principally concerned with the determination of the best allocation of limited resources either by 
maximizing the proﬁts or minimizing the total costs. LP optimization has the advantage of rapid cal-
culation even with large problems. In contrast, NLP optimization tends to restrict the size of the op-
timization problem. In NLP, as the number of variables becomes large, solving the problem becomes 
burdensome [12]. 
LP has been used in optimization of energy systems with different purposes and applications. It has 
been recently used for high level system design and unit commitment of a micro grid. It was also 
used in the scheduling of district energy systems including CHP for determining optimal operating 
costs. Sundberg and Henning [13] have applied this technique for studying the effect of fuel price on 
cost minimized operation of CHP plants. Kong et al. [14] and Ehmke [15] used LP to optimize the CHP 
system for industrial sites. Gamou et al. [16] have used this method for evaluating the inﬂuence of 
uncertainties in energy demand on the optimal size of a fuel cell based CHP system. In CHP technolo-
gy, a decision is needed to optimally size the equipment for a certain application. LP techniques are 
capable of solving such a problem and guide the user to select the most beneﬁcial CHP size [17]. 
The NLP technique has also been used in the optimization of energy systems. It has been used for 
ﬁnding the optimal size of CHP plants in consideration of operational strategy. A MINLP technique 
has also been used for minimizing the annual cost of a given CHP system. However, the model fo-
cussed on an ICE based CHP system only. A generic LP model of the residential CHP system [18], 
which considers simultaneously the operation of a back-up heater and its operation strategy, has not 
been developed previously. In addition, the inﬂuence of some emerging energy policies, such as the 
feed- in tariff, has not been considered to date. 
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The potential energy savings and emission reduction, resulting from the massive introduction of 
small-scale cogeneration, largely depend on the boundary conditions that determine the operational 
behaviour of these facilities. Namely, in order to fully benefit from the energetic and environmentally 
added value that the use of CHP facilities can offer, these units must be run in a heat-driven way. 
However, a technical problem may arise when CHP installations are operated in a fully (heat) load-
following way, including peak loads. In this case, the CHP facility has to be dimensioned to cover the 
maximum heat demand and the operational behaviour will be similar to that of a conventional resi-
dential boiler. This would cause the CHP unit to be switched on and off—or to ramp up and down 
when operation at partial load is possible—very frequently, resulting in transient behaviour that may 
have a negative influence on the lifetime and decrease the possible energy savings [19]. 
Therefore, unless deliberately used as a back-up electric power supply unit, CHP facilities can be op-
erated in combination with auxiliary devices such as back-up boilers and thermal-storage tanks. For 
technical and economic reasons, the installation of an additional boiler is always desirable. As a re-
sult, the CHP unit can be dimensioned to cover an “average” thermal-power demand instead of the 
maximal heat-power demand. The back-up boiler then serves to provide the peak demand and the 
low thermal load levels, well below acceptable operation levels of the CHP unit.  
 
3.1 The principle of the maximum rectangle method 
 
Since the simulation and calculations is done using the energyPRO software tool, the maximum rec-
tangle method is used to determine the optimal size of the chp engine since it will follow the heat 
demand and the electricity produced will be sold to the utility grid and it is the only method this 
software supports. The idea of this method is based on sizing the CHP unit to cover an average heat 
or electricity demand instead of covering the maximal heat or electricity demand while the back-up 
heater can meet the peak demand and the very low thermal demand levels when it is uneconomical-
ly to operate the CHP unit. It can be simply based on ﬁnding the “maximum rectangle”, where the 
8760 hourly heat-demand values are sorted in descending order and placed in a load-duration dia-
gram. Afterwards, the “maximum rectangle” that can be drawn inside the demand-duration curve is 
determined (Picture 14). The intersection of this rectangle with the Y-axis represents the suggested 
optimal value for the rated thermal power of the CHP unit to be used to fulﬁl this speciﬁc heat de-
mand. As a result, the size (electrical rating) of the CHP unit can be calculated by dividing the thermal 
rating by the value of heat to power ratio. The same procedure of sizing can be carried out by using 
the electricity demand curve instead of the heat demand curve [19].  
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However, using the heat demand curve is preferred since the system is grid connected and the elec-
tricity is sold back to the grid. In order to determine the operational behaviour of residential CHP 
units during 1 year, a parameterised simulation model has been developed. The input system charac-
teristics include all stationary thermal and electric power outputs and efficiencies, the transient 
characteristics of the CHP installation and boiler, the heat capacity and heat losses of the thermal-
storage tank and the efficiency of the heat transport through the pipes [19].  
In the next section, the computational methodology is analyzed which basically explains how the en-
ergyPRO software works.  
 
 
Picture 14: Typical load duration curve [19] 
 
3.2 EnergyPRO computational procedure 
 
The energyPRO is an input/output software tool which is used for modelling energy systems includ-
ing CHP [20]. Carrying out feasibility studies for CHP is one of the most important steps in the deci-
sion-making process. energyPRO allows the user to carry out a comprehensive, integrated and de-
tailed technical and financial analysis. A recent comparison of the features of different software 
packages available in the market (for instance CHP sizer, Ready Reckoner, SEA/REVENUE and some 
custom build models) concludes that energyPRO is a powerful and flexible application and is by far 
the most complete software in terms of modelling different scenarios. It allows prioritizing in terms 
of which production units operate first, which is an advanced capability that none of the similar soft-
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ware tools have. In Denmark, most small CHP plants have been designed using this computer tool 
[21]. For the above reasons energyPRO has been chosen for the analysis in this study. The main fea-
tures and evaluation mechanisms of energyPRO are described here [22]. 
The energyPRO software has three different modules: design, finance and accounts. The design 
module includes the design and optimization of a specific operation year. The finance module will 
allow the project to be evaluated over a number of years, and detailed cash flows can be obtained. 
The accounts module allows a deeper level of financial analysis (it includes taxes, depreciation and 
others). In all these modules, the user must define the demand profiles, the equipment, fuel and 
electricity tariffs, and the plant control strategy. 
The energyPRO model calculates annual productions in steps of, typically, 1 hour. The inputs are ca-
pacities, efficiencies and hour by hour distributions of heat demand and electricity sales prices. The 
period of optimization is divided into calculation periods, where everything is constant, for example 
temperature, solar radiation, priorities, heat demand, electricity demand, cooling demand, produc-
tion capacities and fuel deliveries. The calculation periods can be divided into groups; periods of pri-
ority, and, typically, groups in which the electricity prices are the same. A priority name, for example 
peak load, high load and low load, label each group.  
The traditional method of calculating energy production is to make chronological hour-by-hour calcu-
lations, trying to take into account that, for example, production during night hours may fill the 
thermal store too soon. This hinders more attractive production from being placed in the morning of 
the following day. In contrast to the traditional chronological order approach, energyPRO places pro-
ductions in the most favourable periods for a whole year. As a consequence, before being accepted, 
each new planned production is carefully checked so that it does not disturb already planned, more 
attractive future productions. 
The year is typically divided into more than a thousand calculation periods, which, in this non-
chronologically organized way, are evaluated for possible production. It is important to note, that if it 
appears that a production unit is not allowed to produce in a calculation period, e.g. because the 
thermal store is filled in the middle of the period, this calculation period will be split into two periods, 
allowing production in one of these.  
The calculation periods are defined in groups of the same priority, and production in each group is 
analyzed in the following six loops of the planning period [23]: 
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 Loop 1: Creating continuous production periods by filling production gaps: If a subgroup of cal-
culation periods is surrounded by two calculation periods where production on the unit has al-
ready been planned, an attempt will be made to produce in all the calculation periods in be-
tween by trying to reduce the number of times the unit is switched on. If it is not a proposition 
to produce in all those calculation periods between the two production periods, all produc-
tions will be dropped in this specific loop. An example where loop 1 might result in filling pro-
duction gaps is when a day has two peak load periods. In such case, an attempt will be made to 
keep the unit running in the intermediate period. 
 Loop 2: Expanding production to neighbour periods: Calculation periods with a neighbour peri-
od in which the production unit is already in operation are given priority. 
 Loop 3: Forced start of production units: The above-mentioned 2 loops through the planning 
period will not result in any planning of production in calculation periods with the highest pri-
ority because these 2 loops require that production already is planned in neighbour calculation 
periods, which is not the case for calculation periods with the highest priority. In loop 3, pro-
duction units are forced to start in calculation periods with relatively high priority. That is to 
say, if neighbour calculation periods have lower priority, a production unit will be forced to 
start in this calculation period with relatively high priority. 
 Loop 4: Production when fuel storage is full: Fuel e.g. biogas can be restricted in amount and 
stored in fuel storage. In the fourth loop production units will be forced to start in calculations 
periods where the fuel storage is filled. 
 Loop 5: Production when thermal store is emptied: Production units will be forced to start in 
calculations periods where the thermal store is emptied. 
 Loop 6: Full exploitation of production abilities: If, after the first five loops, there still are calcu-
lation periods that have not been examined and where the production unit has the actual pri-
ority number, then production in these periods is attempted.  
The computational methodology of the energyPRO software depicts the optimal operation of CHP 
plants. Consequently, the results of the analysis regarding the optimum plant design, using this soft-
ware tool are only valid to the degree in which the operation manager of the plant is able to achieve 
such operational performance in practice. This validation of the computational procedure of ener-
gyPRO software with respect to reality has been done in previous research for Danish CHP plants and 
has been also shown that energyPRO can be used for CHP plant design in other countries than Den-
mark [24].  
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4. Feasibility study and chp equipment selection 
 
In this chapter, the description of the case study is presented. In the sections that follow, the build-
ing’s operating conditions are explained and the annual heat demand and consumption are present-
ed.   
Moreover, the chp engine size is determined using the maximum rectangle method described in sec-
tion 3.1. The simulation starts with the engine covering 100% of the peak demand all the way 
through the 10% of the peak demand.  
Various proposal schemes are going to be evaluated, such as a chp engine with a separate electric 
water heater, a chp engine that covers both space heating and domestic hot water demand and a 
thermal storage integrated in the chp engine operation. Finally, the last proposal in this chapter con-
tains a full chp configuration coupled with a new gas-fired boiler, which replaces the existing oil-fired 
boiler. 
 
4.1 Description of the apartment building and the operating conditions 
 
The apartment building is located in an urban built environment in Thessaloniki (Latitude 40.00N, 
Longitude 22.00E). It was built before the thermal insulation code implemented after 1979. It is 
based on East-West axis and the entrance, the boiler room and the car parking lot are located on the 
basement (Picture 15). Each floor (Picture 16) has a total area of 240m2 (20m length, 12m width) and 
consists of 2 apartments. Each apartment is 114m2 and the public area is 12m2. Each apartment con-
sists of one living room, one kitchen, one bathroom and two bedrooms.  
The building is separated into one thermal zone according to TOTEE 20701-1 [28]. The living room 
and the kitchen are both placed in the southern façade and the bedrooms are located on the north-
ern façade. According to TOTEE 20701-1 [29], the building operates 18 hours a day, 7 days a week 
and 12 months a year. According to TOTEE 20701-1 [30], indoor temperature conditions are set at 
20oC for the heating period and 26oC for the cooling period. Heating period begins in October 15th 
and ends in April 30th for a Zone C building such as the one in this case study. 
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Picture 15: 4-Story apartment building 
 
 
Picture 16: Floor area 
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4.2 Building heat demand and consumption 
 
At this point the building’s monthly heat and electricity demand both for space heating and for do-
mestic hot water. The demands are calculated in the TEE-KENAK software programme, which is the 
official software in Greece based on the monthly calculation method (quasi-steady state) according 
to EN ISO13790. Using energyPRO’s graphical user interface and the block diagram, the flow chart is 
created (Picture 17). Each block element represents a monthly energy demand which shows the 
building’s current energy status and the energy conversion unit which is an oil-fired boiler with an 
installed power of 175kW and an efficiency of 70% (taking into account all kinds of losses such as dis-
tribution losses, insulation losses, piping losses and combustion losses and the fact that it is over-
sized). The turn ons of the boiler are taken into account in the annual energy conversion report but 
are not calculated in the final operating cost of this procedure. 
The boiler covers both the heat demand from October till April and the domestic hot water needs for 
the same months. The electric water heater is used for the domestic hot water needs from May till 
September. Picture 18 shows the duration curve for heat demand and the peak power is 120kW dur-
ing December 10th and the boiler operates for almost 3,800h/year. In Pictures 19 and 20 the building 
heat consumption is show from January 1st – April 30th and October 15th – December 31st respectively. 
Table 2 presents the annual energy conversion of the building, the heat production, the electricity 
production, the turn ons of the boiler and the fuel consumption of the boiler which is 19,203 liters or 
230MWh. 
It should be noted that the domestic hot water demand is 1,440kWh for all months except for Febru-
ary which is 1,344kWh. All these values are incorporated in the monthly heat demands of the build-
ing. Moreover energyPRO allows the setting for the demand to depend on external conditions. It is 
known that the domestic hot water demand does not depend on the external conditions so the de-
pendent fraction is calculated by dividing the energy for the hot water to the total energy demand 
for the specific month. 
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Picture 17: Building’s monthly heat demands 
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Table 2: Annual Energy Conversion for the existing building 
 
Heat Demands: 
   
kWh 
 
January 
   
40,224 
 
February 
   
30,144 
 
March 
   
21,600 
 
April 
   
8,736 
 
October 
   
2,823.5 
 
November 
   
18,816 
 
December 
   
35,040 
 
Total 
   
157,383.5 
 
Peak Heat Demand 
   
120kW 
 
Heat Production: 
Boiler 
   
157.4 MWh/year 
 
Electricity Production: 
Domestic Hot Water May - September 8 MWh/year 
Hours of operation: 
  
Total Of annual hours 
 
Boiler 
 
[h/year] [%] 
 
  
3,798 43.4% 
 
Turn ons: 
Boiler 
 
211 
  
Fuels: 
                                         Fuel Consumption [L]                             [MWh] 
Oil 
 
19,203 230.4 
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4.3 Determination of the CHP engine power 
 
In this section the chp engine size is determined in order for it to operate at the rated power for as 
many hours as possible. Consequently, this will lead to a more economically viable investment. Pic-
ture 21 shows the chp engine cover all the thermal demand which is 120kW. The engine operates for 
7,470 hours/year. It is obvious that the engine does not operate at the rated power not even for one 
hour. Therefore this setup is not preferable. 
 
 
Picture 21: Rated power of the CHP Engine at 100% of maximum demand (120kW) 
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Picture 22 shows the chp engine cover the 80%, which is 96kW, of peak thermal demand. It is obvi-
ous that the engine operates at the rated power for about 240 hours or 3.2% of the total operating 
time. Therefore this setup is not preferable. 
 
 
Picture 22: Rated power of the CHP Engine at 80% of maximum demand (96kW) 
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Picture 23 shows the chp engine cover the 60%, which is 72kW, of peak thermal demand. It is obvi-
ous that the engine operates at the rated power for about 550 hours or 7.3% of the total operating 
time. Therefore this setup is not preferable. 
 
 
       Picture 23: Rated power of the CHP Engine at 60% of maximum demand (72kW) 
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Picture 24 shows the chp engine cover the 40%, which is 48kW, of peak thermal demand. It is obvi-
ous that the engine operates at the rated power for about 1.480 hours or 19.8% of the total operat-
ing time. Therefore this setup is not preferable. 
 
 
 
Picture 24: Rated power of the CHP Engine at 40% of maximum demand (48kW) 
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Picture 25 shows the chp engine cover the 20%, which is 24kW, of peak thermal demand. It is obvi-
ous that the engine operates at the rated power for about 2.370 hours or 31.7% of the total operat-
ing time.  
 
 
Picture 25: Rated power of the CHP Engine at 20% of maximum demand (24kW) 
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Picture 26 shows the chp engine cover the 10%, which is 12kW, of peak thermal demand. It is obvi-
ous that the engine operates at the rated power for about 3.000 hours or 40.1% of the total operat-
ing time. This is the optimum configuration of the engine given the current energy demand of the 
building. 
 
 
Picture 26: Rated power of the CHP Engine at 10% of maximum demand (12kW) 
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4.4 CHP configuration with electric water heater 
 
Following the analysis for the determination of the chp engine power, the configuration of the chp 
cascade scheme has been set up (Picture 27). All the calculations and simulation are done using the 
energyPRO software simulation tool. The project identification setting in the software is set to DE-
SIGN, which means that the program calculates energy conversion in a specific year including operat-
ing costs, and the operation strategy set at minimizing net heat production cost. 
In this scheme, the boiler remains as part of the system covering the heat demand above the en-
gine’s output power. Both the engine and the boiler cover the monthly demands from October till 
April. Heat for domestic hot water is incorporated in these months as it was previously the case in 
Picture 16. The electric water heater covers the domestic hot water demands, which are 8MWh, 
from May till September. In addition, the engine is producing electricity and is connected directly to 
the grid where this electricity is fed and sold.  
 
 
Picture 27: CHP with electric water heater 
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The inputs and assumptions for the scheme are summarized on Table 3 [31, 32]. The chp product is a 
gas engine with a rated power of 4.7kWe and 12.5kWth (Picture 28) [31]. More information about this 
engine is found on Appendix 1 [31]. The reasons behind this selection are: the market penetration, 
market availability, better part-load efficiency and lower investment cost than gas turbines. Picture 
29 and 30 show the portion of the demand covered from the boiler and the engine. Table 4 shows 
the results from the annual energy conversion. 
 
 
Picture 28: CHP gas engine 4,7kWe – 12,5kWth [31] 
 
Table 3: Inputs and technical assumptions for energyPRO calculations 
Input Data 
Outdoor conditions Temperature data for Thessaloniki (40.00N, 23.00E) 
Natural Gas Gross Calorific Value 11kWh/Nm3 
Oil Gross Calorific Value 12kWh/L 
Gas Engine 
Pel= 4.7kW, nel= 25% 
Pth= 12.5kW, nth=65% 
Minimum operating hours: 1 
Annual Availability: 95% 
Constant engine efficiency throughout the year 
Start up – shut down times not calculated 
Turn ons not calculated 
Oil-fired Boiler 
Fuel Input: 175kW 
Power Output: 120kW 
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Table 4: Annual Energy Conversion for CHP scheme with electric water heater 
Heat Demands: 
   
kWh 
 
January 
   
40,224 
 
February 
   
30,144 
 
March 
   
21,600 
 
April 
   
8,736 
 
October 
   
2,823.5 
 
November 
   
18,816 
 
December 
   
35,040 
 
Total 
   
157,383.5 
 
Peak Heat Demand 
   
120kW 
 
Heat Production: 
Gas engine 
 
42.1MWh/year 26.6% 
 
Boiler 
 
116MWh/year 73.4% 
 
Electricity Demand: 
Electric water heater                   8MWh 
Electricity Production: 
          Gas engine                            15.8MWh 
Hours of operation: 
  
Total Of annual hours 
 
  
[h/year] [%] 
 
Gas engine 
 
3,798.1 43.4% 
 
Boiler 
 
3,006 34.3% 
 
Turn ons: 
Gas engine 
 
211 
  
Boiler 
 
167 
  
Fuels: 
Oil 
 
14,092.5L 169.1MWh 
 
Natural Gas 
 
5,811.2Nm3 63.9MWh 
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4.5 CHP configuration without the electric water heater 
 
In this configuration, the electric water heater is removed and the block named as “DHW” is the de-
mand for domestic hot water between May and September and will be covered solely by the engine 
(Picture 31). 
 
 
Picture 31: CHP scheme without the electric water heater 
 
The domestic hot water production from May until September is shown in Picture 32 and the re-
maining heat production is the same as in the previous case. The heat demand duration curve is al-
tered from the previous case because now the engine covers the hot water demand not only during 
October – April but during the summer months also. The engine now operates for about 7,500h (Pic-
ture 33). The demand for hot water is covered completely by the hot gases from the gas engine. Ta-
ble 5 shows the Annual Energy Conversion for CHP scheme without the electric water heater.  
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Table 5: Annual Energy Conversion for CHP scheme without the electric water heater 
Heat Demands: 
   
kWh 
 
January 
   
40,224 
 
February 
   
30,144 
 
March 
   
21,600 
 
April 
   
8,736 
 
October 
   
2,823.5 
 
November 
   
18,816 
 
December 
   
35,040 
 
DHW 
   
8,000 
 
Total 
   
165,383.5 
 
Peak Heat Demand 
   
120kW 
 
Heat Production: 
Gas engine 
 
49.6MWh/year 29.9% 
 
Boiler 
 
116MWh/year 70.1% 
 
Electricity Production: 
     Gas engine           18.6MWh/year 
Hours of operation: 
  
Total Of annual hours 
 
  
[h/year] [%] 
 
Gas engine 
 
7,470 85.3 
 
Boiler 
 
3,006 34.3 
 
Turn ons: 
Gas engine 
 
217 
  
Boiler 
 
167 
  
Fuels: 
Oil 
 
14,092.5L 169.1MWh 
 
Natural Gas 
 
6,847.5Nm3 75.3MWh 
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4.6 CHP configuration with thermal storage 
 
It is shown that the use of thermal storage tanks prolongs the yearly operation time of a CHP facility 
and allows the cogeneration unit to operate more continuously [25]. In this configuration a thermal 
storage is added (Picture 34). Another solution to mitigate the somewhat negative effects of thermal-
load following can be offered by the use of thermal-storage devices. This will allow the CHP unit to 
operate more continuously and, consequently, avoid frequent occurrence of transient behaviour dur-
ing start-up and shutdown. It will also permit to extend the operational time of the CHP facility, 
which is translated by more energy savings and larger CO2 reductions [26].  
The effect of thermal storage is threefold. The cogeneration unit is able to store excess heat and 
thus, is allowed to operate when the hourly heat demand is lower than the amount of heat the CHP 
facility can produce in 1 hour, as long as the storage tank is not entirely filled. This results in a higher 
operating time of the CHP unit, since operation during summer, when heat demand is generally low, 
becomes possible. 
Thermal storage allows the CHP facility to operate more continuously. Whereas the cogeneration 
unit has to be switched on and off very frequently when no thermal storage is available, it can now 
operate continuously and store excess heat during periods when heat demand is low. 
 
Picture 34: CHP scheme with thermal storage 
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When evaluating the CHP behaviour during one specific time interval, e.g. 1 h, it can occur that the 
CHP facility does not operate for the entire time interval. Namely, without thermal storage, the CHP 
facility is switched on at the beginning of an hour, according to the corresponding heat demand dur-
ing that hour (and is assumed to operate during that full hour). With thermal storage, the working 
regime of the CHP facility is dictated by the energy content of the thermal-storage tank. So, when 
this energy content drops for example below 20% halfway an hour, the cogeneration unit will be 
switched on at that very moment, working only 30 minutes during that hour [27]. 
The thermal storage tank has a volume of 1.5m3 and a storage capacity of 70kWh. Thermal losses for 
a well insulated half-filled thermal store are approximately 1-2% of the yearly heat consumption and 
therefore can be considered insignificant from the viewpoint of storage design [27]. 
When the engine produces more than the heat demand then the extra heat is stored in the thermal 
store if there is space. When the engine is off, or when it does not produce enough heat to meet the 
demand, the heat from the thermal store is used in order to cover the heat demand. In case there is 
more heat needed, the boilers turn on to meet the demand. For a more detailed analysis of the sys-
tem operation, Picture 35 is described below which shows a typical production graphic in a period of 
one week from January 1st till January 7th: 
 
 
Picture 35: Production graphic for one week with thermal storage 
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On Saturday 1st at 00:00 the gas engine turns on to cover the heat demand. At the same time the 
storage tank is completely empty and the engine operates until 06:00 when the storage content is 
full. After that, the heat from the engine is not enough to meet the heat demand and the heat from 
the thermal store is used until 09:00. When the thermal storage empties the oil-fired boiler turns on 
and operates alongside the gas engine until Saturday 1st 23:59. The process continues with the same 
pattern as the year goes on.  
Picture 36 shows the heat demand duration curve for the current chp configuration. In this picture, 
the thermal store acts as a buffer, thus decoupling the demand from the production. This “forces” 
the engine to operate beyond the demand curve, when there is no heat demand, in order to fill up 
the thermal storage tank and the boiler will operate less; hence these “gaps” in the heat duration 
curve. Table 6 shows the annual energy conversion with the storage tank. The effects of the storage 
tank are significant on the annual energy conversion on all sectors.  
 
 
Picture 36: Heat load duration curve for CHP with thermal storage 
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Table 6: Annual Energy Conversion for CHP scheme with thermal storage 
Heat Demands: 
   
kWh 
 
January 
   
40,224 
 
February 
   
30,144 
 
March 
   
21,600 
 
April 
   
8,736 
 
October 
   
2,823.5 
 
November 
   
18,816 
 
December 
   
35,040 
 
DHW 
   
8,000 
 
Total 
   
165,383.5 
 
Peak Heat Demand 
   
120kW 
 
Heat Production: 
Gas engine 
 
60.8MWh/year 36.7% 
 
Boiler 
 
104.8MWh/year 63.3% 
 
Electricity Production: 
     Gas engine           22.8MWh/year 
Hours of operation: 
  
Total Of annual hours 
 
  
[h/year] [%] 
 
Gas engine 
 
8,378 95.6 
 
Boiler 
 
2,364 27 
 
Turn ons: 
Gas engine 
 
62 
  
Boiler 
 
155 
  
Fuels: 
Oil 
 
12,731.1L 152.8MWh 
 
Natural Gas 
 
8,395.5Nm3 92.4MWh 
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4.7 CHP configuration with new boiler 
 
The new boiler has an efficiency of 94.5% and is gas-fired (Picture 37) [33]. The installed capacity is 
127kW (Picture 38). Table 7 presents the annual energy conversion for the current proposal. 
 
 
Picture 37: Natural gas-fired boiler 127kW [33] 
 
 
Picture 38: CHP with new boiler 
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Table 7: Annual Energy Conversion for CHP scheme with gas-fired boiler 
Heat Demands: 
   
kWh 
 
January 
   
40,224 
 
February 
   
30,144 
 
March 
   
21,600 
 
April 
   
8,736 
 
October 
   
2,823.5 
 
November 
   
18,816 
 
December 
   
35,040 
 
DHW 
   
8,000 
 
Total 
   
165,383.5 
 
Peak Heat Demand 
   
120kW 
 
Heat Production: 
Gas engine 
 
60.8MWh/year 36.7% 
 
Boiler 
 
104.8MWh/year 63.3% 
 
Electricity Production: 
     Gas engine           22.8MWh/year 
Hours of operation: 
  
Total Of annual hours 
 
  
[h/year] [%] 
 
Gas engine 
 
8,378 95.6 
 
Boiler 
 
2,364 27 
 
Turn ons: 
Gas engine 
 
62 
  
Boiler 
 
155 
  
Fuels [Nm3]: 
Boiler 
 
10,079 110.9MWh 
 
Gas engine 
 
8,395.5 92.4MWh 
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5. Alternative measures on energy savings 
 
In this section, a new approach is taken in order to reduce the energy consumption in the existing 
building, which is to replace the old oil-fired boiler with a new gas-fired one that was presented in 
section 4.7. Moreover, the potential energy savings are examined in a new 4-story apartment build-
ing. Having thoroughly analyzed the effects of the chp technology on the old building’s energy pro-
file, a different route is taken in this chapter to determine the optimum energy saving measure both 
from an energetic and an economic standpoint in a new building with external thermal insulation and 
new windows. 
 
5.1 Boiler replacement in the existing building 
 
The new boiler is the same as in the section 4.7 (Picture 39). Table 8 shows the annual energy con-
version for this case. The electric water heater for the domestic hot water is removed as the gas-fired 
boiler covers the demand for the whole year. 
 
 
Picture 39: Old building with new gas-fired boiler 
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Table 8: Annual Energy Conversion for the existing building with a new boiler 
 
Heat Demands: 
   
kWh 
 
January 
   
40,224 
 
February 
   
30,144 
 
March 
   
21,600 
 
April 
   
8,736 
 
October 
   
2,823.5 
 
November 
   
18,816 
 
December 
   
35,040 
 
DHW 
   
8,000 
 
Total 
   
165,383.5 
 
Peak Heat Demand 
   
120kW 
 
Heat Production: 
Boiler 
   
165.5 MWh/year 
 
Hours of operation: 
  
Total Of annual hours 
 
Boiler 
 
[h/year] [%] 
 
  
7,470 85.3% 
 
Turn ons: 
Boiler 
 
217 
  
Fuels: 
                                         Fuel Consumption [Nm3]                        [MWh] 
Natural Gas 
 
15,924.6 175.2 
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5.2 New building with gas-fired boiler 
 
The new gas-fired boiler has an efficiency of 94% [34] and an installed power of 30kW (Picture 40). 
Picture 41 shows the monthly demand. Once again the block named “DHW” is the domestic hot wa-
ter demand from May until September. 
Table 9 shows the annual energy conversion for this scheme. It is noted that the electric water heater 
that previously covered the domestic hot water demand is removed and instead the gas-fired boiler 
covers this heat demand throughout the year. 
 
 
Picture 40: Natural gas-fired boiler 30kW [34] 
 
 
Picture 41: New building with a gas-fired boiler 
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Table 9: Annual Energy Conversion for a new building with external insulation and new boiler 
 
Heat Demands: 
   
kWh 
 
January 
   
8,700 
 
February 
   
6,396 
 
March 
   
4,092 
 
April 
   
1,788 
 
October 
   
- 
 
November 
   
3,516 
 
December 
   
7,356 
 
DHW 
   
8,000 
 
Total 
   
39,850 
 
Peak Heat Demand 
   
27kW 
 
Heat Production: 
Boiler 
   
39.85MWh/year 
 
Hours of operation: 
  
Total Of annual hours 
 
Boiler 
 
[h/year] [%] 
 
  
6,912 78.9% 
 
Turn ons: 
Boiler 
 
186 
  
Fuels: 
                                       Fuel Consumption [Nm3]                         [MWh] 
Natural Gas 
 
3,974.5 43.7 
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5.3  New building with CHP configuration with gas-fired boiler 
 
A complete chp proposal is installed in the new building to investigate its possible energy savings 
(Picture 42). Table 10 presents the annual energy conversion of the new building with chp configura-
tion. The gas engine is shown in Picture 43. The engine has a rated power of 1kWe and 3.25kWth and 
a total efficiency of 85%. More information can be found in Appendix 1. 
 
 
Picture 42: Building with new gas-fired boiler and chp 
 
 
Picture 43: CHP gas engine 1kWe – 3.25kWth 
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Picture 44 shows the heat load duration curve for this scenario. The engine operates for 51% at the 
rated power of the total 7,780hours/year. The engine operates again beyond the demand curve in 
order to fill up the thermal storage tank 
 
 
Picture 44: Heat load duration curve for CHP with thermal storage 
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Table 10: Annual energy conversion with CHP and new boiler 
Heat Demands: 
   
kWh 
 
January 
   
8,700 
 
February 
   
6,396 
 
March 
   
4,092 
 
April 
   
1,788 
 
October 
   
- 
 
November 
   
3,516 
 
December 
   
7,356 
 
DHW 
   
8,000 
 
Total 
   
39,850 
 
Peak Heat Demand 
   
27kW 
 
Heat Production: 
Gas engine 
 
20.8MWh/year 52.8% 
 
Boiler 
 
18.6MWh/year 47.2% 
 
Electricity Production: 
     Gas engine           6.3MWh/year 
Hours of operation: 
  
Total Of annual hours 
 
  
[h/year] [%] 
 
Gas engine 
 
7,780 88.1 
 
Boiler 
 
1,875 21.4 
 
Turn ons: 
Gas engine 
 
42 
  
Boiler 
 
124 
  
Fuels [Nm3]: 
Gas engine 
 
2,861.2 31.5MWh 
 
Boiler 
 
1,876.3 20.6MWh 
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6. Economic assessment 
 
In this chapter, the economic assessment of the above energy saving proposals is presented. Table 
11 shows all the inputs and assumptions that are made in order for energyPRO to estimate the oper-
ating costs for each case [20, 24]. Tables 12-19 show the operating income in descending order, as 
they are calculated by the software simulation tool. 
The feed-in tariff for the electricity produced by the engine is calculated as follows [35]: 
 
                                                                  
 
     (       ) (      ) 
 
Where: 
 
ΣΡ= clause coefficient for natural gas 
MTΦΑ= average price in €/MWh for natural gas during the last three months for cogeneration [35] 
ne= electrical efficiency for the cogeneration unit under 1MWe is 33% 
 
So: 
 
     (     ) (      )       
 
                                   
 
The contract for the electricity selling has 20 years of duration [35]. The operating cost for each sce-
nario is sorted in descending order. It begins with the existing building, chp with electric water heat-
er, chp that covers also the domestic hot water demand, chp with storage, existing building with new 
boiler, chp with new boiler, new building with new boiler and finally new building with new boiler 
and chp. 
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Table 11: Economical input for the energyPRO calculations 
Input for the operating income calculation 
Natural Gas cost for central heating 0.75€/Nm3 
Natural Gas cost for cogeneration 0.53€/ Nm3 
Oil cost for central heating 0.88€/L 
Electricity price 110€/MWh 
O&M costs for gas engine 7€/MWh 
O&M costs for boiler 0.5€/MWh 
Feed-in tariff for electricity 147€/ΜWh 
 
Table 12: Operating cost for the existing building 
Annual Operating Cost (amounts in €) 
Revenues       
Sales of Electricity     - 
Total Revenues     - 
        
Operating Expenditures       
Fuel Costs       
Oil 19,203.3L at 0.88 = 16,899 
Operation & Maintenace       
Boiler 158MWh at 0.5 = 79 
Electricity 7.5MWh at 110 = 825 
Total Operating Expenditures     17,803 
        
Operating Cost         17,803 
 
 
 
 
 
 
69 
 
Table 13: Operating cost for CHP with electric water heater 
Annual Operating Cost (amounts in €) 
Revenues       
Sales of Electricity       
Flat Tariff 15.8MWh at 147.0 = 2,324 
Total Revenues     2,324 
        
Operating Expenditures       
Fuel Costs       
Natural Gas 5,811.2Nm3 at 0.53 = 3,080 
Oil 14,092.5L at 0.88 = 12,402 
Operation & Maintenace       
Gas Engine 15.8MWh at 7.0 = 111 
Boiler 116.0MWh at 0.5 = 58 
Electricity 7.5MWh at 110 = 825 
Total Operating Expenditures     16,475 
        
Operating Cost         14,151 
 
Table 14: Operating cost for CHP with DHW 
Annual Operating Cost (amounts in €) 
Revenues       
Sales of Electricity       
Flat Tariff 18.6MWh at 147.0 = 2,739 
Total Revenues     2,739 
        
Operating Expenditures       
Fuel Costs       
Natural Gas 6,847.5Nm3 at 0.53 = 3,629 
Oil 14,092.5L at 0.88 = 12,402 
Operation & Maintenace       
Gas Engine 18.6MWh at 7.0 = 130 
Boiler 116.0MWh at 0.5 = 58 
Total Operating Expenditures     16,219 
        
Operating Cost         13,480 
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Table 15: Operating cost for CHP with storage and DHW 
Annual Operating Cost (amounts in €) 
Revenues       
Sales of Electricity       
Flat Tariff 22.8MWh at 147.0 = 3,358 
Total Revenues     3,358 
        
Operating Expenditures       
Fuel Costs       
Natural Gas 8,395.5Nm3 at 0.53 = 4,450 
Oil 12,731.1L at 0.88 = 11,203 
Operation & Maintenace       
Gas Engine 22.8MWh at 7.0 = 160 
Boiler 104.8MWh at 0.5 = 52 
Total Operating Expenditures     15,865 
        
Operating Cost         12,507 
 
Table 16: Operating cost for the existing building with new boiler 
Annual Operating Cost (amounts in €) 
Revenues       
Sales of Electricity     - 
Total Revenues     - 
        
Operating Expenditures       
Fuel Costs       
Natural Gas 15,924.6Nm3 at 0.75 = 11,943 
Operation & Maintenace       
Boiler 166.5MWh at 0.5 =  832 
Total Operating Expenditures     12,026 
        
Operating Cost         12,026 
 
 
 
 
 
 
 
 
71 
 
Table 17: Operating cost for CHP with new boiler 
Annual Operating Cost (amounts in €) 
Revenues       
Sales of Electricity       
Flat Tariff 22.8MWh at 147.0 = 3,358 
Total Revenues     3,358 
        
Operating Expenditures       
Fuel Costs       
Natural Gas 8,395.5Nm3 at 0.53 = 4,450 
Natural Gas 1 10,079Nm3 at 0.75 = 7,560 
Operation & Maintenace       
Gas Engine 22.8MWh at 7.0 = 160 
Boiler 104.8MWh at 0.5 = 52 
Total Operating Expenditures     12,221 
        
Operating Cost         8,863 
 
Table 18: Operating cost for new building with gas-fired boiler 
Annual Operating Cost (amounts in €) 
Revenues       
Sales of Electricity     - 
Total Revenues     - 
        
Operating Expenditures       
Fuel Costs       
Natural Gas 3,974.5Nm3 at 0.75 = 2,981 
Operation & Maintenace       
Boiler 39.3MWh at 0.5 =  20 
Total Operating Expenditures     3,001 
        
Operating Cost         3,001 
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Table 19: Operating cost for the new building with CHP 
Annual Operating Cost (amounts in €) 
Revenues       
Sales of Electricity       
Flat Tariff 6.3MWh at 147.0 = 925 
Total Revenues     925 
        
Operating Expenditures       
Fuel Costs       
Natural Gas 2,861.2Nm3 at 0.53 = 1,516 
Natural Gas 1 1,876.3Nm3 at 0.75 = 1,407 
Operation & Maintenace       
Gas Engine 6.3MWh at 7.0 = 44 
Boiler 18.6MWh at 0.5 = 9 
Total Operating Expenditures     2,977 
        
Operating Cost         2,052 
 
Chart 1 shows the different annual operating costs for the existing building for every energy saving 
proposal. Existing building is number “1”, chp with electric water heater is number “2”, chp with 
DHW is number “3”, chp with DHW and thermal storage is number “4”, existing building with new 
boiler is number “5”, full chp configuration with new boiler is number “6”. 
 
Chart 1: Operating Cost for the existing building 
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7. Environmental assessment 
 
In this chapter, the emissions from the energy production are calculated for all cases and for all pro-
duction units both on the existing building and the new building. Oil density is 920kg/m3 and natural 
gas density is 0.9kg/m3 [36]. NOx emissions are calculated according to the technical guidelines [28]. 
CO2 and SO2 emissions are based on the following fuel compositions (Table 20) [36]: 
 
Table 20: Fuel composition (w/w %) 
Oil 
Carbon 85.9% 
Sulfur 0.1% 
Natural Gas 
Methane 66.71% 
Ethane 0.92% 
Carbon Dioxide 22.33% 
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7.1 Emissions from the existing building 
 
Table 21 present the CO2 and SO2 emissions from the oil-fired boiler. Tables 22 and 23 show the CO2 
emissions from the natural gas-fired boiler and the chp gas engine respectively. 
 
Table 21: Emissions from the oil-fired boiler 
Existing building 
    
            
     
              
        
  
              
    
              
     
              
        
  
            
    
     
   
              
     
 
           
CHP configuration with electric water heater 
    
            
     
              
        
  
              
    
              
     
              
        
  
          
    
     
   
              
     
 
             
CHP configuration with domestic hot water 
    
            
     
              
        
  
              
    
              
     
              
        
  
          
    
     
   
              
     
 
             
CHP configuration with domestic hot water and thermal storage 
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Table 22: Emissions from the natural-gas fired boiler 
CHP configuration domestic hot water, thermal storage and new boiler 
    
           
            
                    
               
  
              
    
       
   
                    
     
  
             
Existing building with new gas-fired boiler 
    
           
            
                      
               
  
              
    
       
   
                      
     
  
             
 
Table 23: Emissions from the chp gas engine 
CHP configuration with electric water heater 
    
           
            
                     
               
  
              
    
       
   
                     
     
  
            
CHP configuration with domestic hot water 
    
           
            
                     
               
  
              
    
       
   
                     
     
  
             
CHP configuration with domestic hot water and thermal storage 
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7.2 Emissions from the new building 
 
Tables 24 and 25 present the emissions from the natural gas-fired boiler and the chp gas engine in 
the building. 
 
Table 24: Emissions from the gas-fired boiler 
New gas-fired boiler  
    
           
            
                     
               
  
             
    
       
   
                     
     
  
            
CHP configuration with gas-fired boiler 
    
           
            
                     
               
  
             
    
       
   
                     
     
  
            
 
Table 25: Emissions from the chp gas engine 
CHP configuration with gas-fired boiler 
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8. Results and conclusion 
 
In this chapter, the effects of the different proposals on the annual energy conversions and the emis-
sions are presented in the charts below. Charts 2-7 are calculated for the existing building whereas 
Charts 8-12 are for the new building. The existing building is the number “1” in the charts, the chp 
gas engine with the electric water heater is number “2”, the chp gas engine that covers the domestic 
hot water demand is number “3”, the chp gas engine with the thermal storage is number “4” and 
finally number “5” is the full chp configuration with a new gas-fired boiler. 
In Chart 2, the reduction in heat production from oil drops 26.3%, from 157,4MWh to 116MWh due 
to the introduction of a chp gas engine. In scenario 3, the chp gas engine produces 17.8% more heat 
than in scenario 2, from 42.1MWh to 49.6MWh. This is due to the fact that the chp engine covers the 
domestic hot water demand and the electric water heater is removed. The heat production from the 
engine continues to increase in scenario 4 for 22.5% compared to scenario 3 due to the installation of 
a thermal storage tank. In scenario 5 the heat production remains unchanged from scenario 4. 
The electricity production from the chp engine increases to 18.6MWh/year in scenario 3 from 
15.8MWh/year in scenario 2 which is an increase of 17.7%. In scenario 4, the engine produces 
4.2MWh/year more than in scenario 3 or 22.6% increase. 
 
Chart 2: Heat and electricity production 
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In Chart 3, the operating hours of the production units are presented. In the existing building, in sce-
nario 1, the oil-fired boiler operates for 3,798 hours/year. In scenario 2, the oil-fired boiler reduces its 
operating hours for 20.8% due to the introduction of the chp engine. In scenario 3, the chp engine 
operates for 96.6% more than in scenario 2 because it covers the domestic hot water demand.  
A further increase of 12.1% is noticed in scenario 4 for the chp engine due to the thermal storage 
tank installation, whereas the oil-fired boiler reduces its operating hours for 21.3%, from 3,006 hours 
to 2,364 hours/year. In scenario 5 the operating hours remain unchanged both for the natural gas-
fired boiler and the chp gas engine. 
 
Chart 3: Operating hours 
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In Chart 4 the turn ons for all production units are calculated. In the existing building the oil-fired 
boiler has 211 turn ons. When the chp engine is installed in scenario 2, the oil-fired boiler has 44 less 
turn ons or 20.8% reduction. The chp gas engine has 6 more turn ons in scenario 3 than on scenario 2 
because the domestic hot water demand is covered by it.  
The introduction of the thermal storage tank in scenario 4 has a clear effect on the engine operation 
and now it has a reduction of 71.4% or 155 less turn ons. At the same scenario, the oil-fired boiler 
has 12 less turn ons. 
 
Chart 4: Turn ons 
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Fuel consumption (Chart 5) and heat consumption (Chart 6) have a similar pattern. In scenario 1, the 
oil-fired boiler consumes 19,023 liters and in scenario 2 it drops to 14,092 liters which is a reduction 
of 25.9%. The chp gas engine increases its natural gas consumption from 5,811.2 to 6,847.5Nm3 or 
17.8% between scenario 2 and scenario 3 because it covers the domestic hot water demand. In sce-
nario 4 there is an increase of 1,548Nm3 or 22.6% from scenario 3 again because of the thermal stor-
age tank operation. Finally, in scenario 5 the natural gas-fired boiler that is installed consumes 
10,079Nm3 of natural gas. The same trend continues in Chart 5 which shows the fuel consumption in 
MWh/year. 
 
Chart 5: Fuel consumption 
 
 
Chart 6: Heat consumption
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Emissions were calculated in the environmental assessment and Chart 7 shows the emissions from 
the old building for each case scenario. The CO2 emissions from the oil-fired boiler are steadily de-
creasing from 55.6 tons to 36.8 tons or 33.8% reduction. The CO2 emissions from the chp gas engine 
are increasing due to the fact that the operating hours are increasing.  
There is a noticeable 44% increase in emissions from scenario 2 to scenario 5 or 4.8 more tons of CO2. 
The natural gas-fired boiler that is used in the last scenario also achieves a reduction of 48.6%, from 
36.8 tons to 18.9 tons, in CO2 levels compared to the scenario 4. The same pattern is shown in Chart 
8 in the NOx emissions. 
 
Chart 7: CO2 emissions 
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Chart 8: NOx emissions
 
 
Chart 9 shows the SO2 emissions from the old building. In this case, there are four scenarios, starting 
from the existing building, the chp configuration with the electric water heater, the chp scheme that 
covers the domestic hot water demand throughout the year and finally the full chp configuration 
with the thermal storage tank. There is no fifth scenario as the gas-fired boiler does not produce SO2 
emissions. 
 
Chart 9: SO2 emissions
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Charts 10 - 15 present the results from the new building. In this case, things are clearer since there 
are only two cases. In the first one, only the natural gas-fired boiler operates which also covers the 
domestic hot water demand throughout the year. 
Chart 10 shows the heat production. In the scenario 1 the natural gas-fired boiler produces 
39.85MWh/year and drops to 18.6MWh/year in the scenario 2 because the gas engine is producing 
20.8MWh/year. Chart 11 shows the fuel consumption. Specifically, the gas-fired boiler consumes 
3,974.5Nm3 in scenario 1 and drops to 1,876.3Nm3 in the scenario 2 because the gas engine starts to 
operate. This pattern continues the same up to Chart 15. 
 
Chart 10: Heat Production 
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Chart 11: Fuel consumption 
 
 
Chart 12: Heat consumption 
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Chart 13: Operating Hours 
 
 
Chart 14: CO2 emissions  
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Chart 15: NOx emissions  
 
 
Table 26 presents all the necessary input data in order to complete the economic evaluation of the 
different energy saving proposals [31, 33, 34, 37, 38, 39, 40]. The Net Present Value and the Dis-
counted Payback Period are the two tools to evaluate which investment is the best choice to imple-
ment. Chart 16 shows the final economic results for each case. More analytical results are given in 
Appendix 2. The law about the feed-in tariff and the contract duration is found in Appendix 3. 
 
Table 26: Economic input for the net present value calculations 
Economic input 
Discount rate 5% 
Inflation rate 2% 
ecopower Mini CHP 23,000€ 
HONDA MCHP1.0 - Ecowill 5,000€ 
Thermal storage tank (1.5m3) 2,000€ 
VIESSMANN VITOROND 100 boiler (127kW) 6,000€ 
BUDERUS G 125WS (30kW) 3,000€ 
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Chart 16: NPV for scenarios 
 
 
Chart 16 shows 6 different schemes. The values from scenario 1 to 5 are meant as savings compared 
to the original operating cost of the existing building while scenario 6 is the chp installation in the 
new building.  
Scenario 1 shows the economic results from the chp installation with the electric water heater that 
covers the domestic hot water demand from May until September. The Net Present Value of this 
proposal after 20 years is 34,183€ with a Discounted Payback period of 6.8 years. 
Scenario 2 presents the economic results from the chp installation that covers the domestic hot wa-
ter demands throughout the year, thus removing the electric water heaters. The NPV of this invest-
ment is 44.486€ with a DPB of 5.8 years. 
Scenario 3 is the installation of the thermal storage tank with the chp gas engine. The NPV of this in-
vestment is 57,675€ with a DPB of 5 years. 
Scenario 4 includes the installation of a natural gas-fired boiler with an installed power of 127kW in 
the existing building as described in section 5.1. This proposal has an NPV of 82,033€ and a DPB of 
1.2 years which is the lowest payback period of all schemes. 
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Scenario 5 is the full implementation of the chp gas engine that covers the domestic hot water de-
mand throughout the year plus the thermal storage tank and a new gas-fired boiler (the same one 
with scenario 4). This energy saving measure has the highest NPV value of all with 109,561  and a 
DPB of 3.5 years. 
Scenario 6 includes the operation of a chp gas engine alongside a natural gas-fired boiler in a new 
building as described in section 5.3. This particular investment has both the lowest NPV and a DPB 
period of all with 4,174€ and 16.5 years respectively. 
Judging from these results, the most favourable scenarios are 4 and 5. It has to be noted that the op-
erating costs are cut by 50%, from -17,803€ to -8,863€, if one decides to go with scenario 5. Moreo-
ver, there is no point in installing a chp gas engine without a thermal storage tank since it has a pay-
back period of less than 2.5 years. The chp gas engine can produce even more savings when it oper-
ates not only to cover the space heating demand, but the domestic hot water demand also. 
Changing only the boiler is also an attractive case since the investment cost is the lowest of all and 
the savings from the operating income reach to 5,777€ or 32.4% less than the original building. 
As far as the new building is concerned, a much smaller engine was used since the demand is lower. 
Results showed that there can be significant reduction in the operating cost since the initial building 
had 3,001€ annual operating cost and with the chp engine it dropped to 2,052  or 31.6% reduction 
although the discounted payback period is the highest of all with 12.2 years. 
A further research into this dissertation’s subject would be to investigate the possible savings when 
the chp engine is used to cover the cooling demands during the summer months, also known as tri-
generation mode. Moreover, further analysis of the engine’s behaviour needs to be conducted to 
determine the effect of part-load operation and ambient temperatures on the total efficiency of the 
unit. This can only be done correctly if the data from one year’s demo operation are gathered (since 
no manufacturer publishes these information) in order to properly tune the engine to operate under 
real life conditions.  
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Appendix 1 
 
ecopower Mini CHP 
operational modes heat feed / current feed 
 
fuel natural gas: I2H; I2E; I2L; I2ELL 
min. methane number: 59 
liquefied petroleum gas: I3P, I3B/P (pro-
pane) 
min. octane number: MOZ 92 (EN 589) 
electrical power, modulating 1.3 –   4.7 kW (natural gas) 1.4 - 4.7 kW (liquefied petroleum 
gas) 
thermal output, modulating
 
4.0 – 125 kW (natural gas) 4.5 - 13.8 kW (liquefied petro-
leum gas) 
total input power 5.9 – 19.0 kW (natural gas) 6.5 - 20.0kW (liquefied petro-
leum gas) 
fuel consumption 0.59 m³ - 1.9 m³/h (natural gas) 0.51 - 1.55 kg/h (liquefied petro-
leum gas
3
) 
overall efficiency > 90% 
exhaust gas value TA – Luft [German technical guidelines on air quality] (due to 
three- way catalytic converter) 
noise pressure level approx. 56 dB (A), in 2m distance 
 
altitude el. power thermal output air pressure temperature 
4 
0 m 4.7 kW 12.5 kW 1013 mbar 20 °C 
500 m 4.4 kW 11.8 kW 955 mbar 20 °C 
1000 m 4.2 kW 11.1 kW 899 mbar 20 °C 
1500 m 3.9 kW 10.4 kW 846 mbar 20 °C 
2000 m 3.7 kW 9.8 kW 794 mbar 20 °C 
 
Gaseous-Fuel Engine 
engine water-cooled single cylinder four stroke piston gas combustion 
engine, designed for long running time cubic capacity 272cm
3
 
speed range 1200 – 3600 R/min (factory setting: 3400 R/min) 
coolant temperature: operation: 75 °C to 80 °C short-term: 90 °C  
 
Generator and Inverter 
generator brushless permanent magnet generator 
directly flanged on the engine, with water cooling system 
inverter three-phase inverter with integrated safety monitoring, micropro-
cessor control 
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Assembly of the Mini CHP 
installation location central heating room, according to locally cusomary regulations  
(e.g.: DE: DVGW-TRGI issue 96; CH: VKF) 
weight Mini CHP 390 kg 
medium floor loading Mini CHP 375 
kg/m² 
Mini CHP - dimensions 1370 mm x 762 mm x 1085 mm (length x width x height) 
required space approx. 4 m² 
connections supply and return of the 
heating gas supply 
exhaust gas pipe with  condensate 
drain supply air 
electrical main connec-
tion 
temperature sensor, control signals, pumps, mixer valves 
 
Electrical Data 
voltage / frequency / power factor 3 x 400V/230V / 50 Hz / cosϕ = 0.98 – 
1.00 phase sequence the Mini adapts to the mains phase se-
quence 
phasing corresponds to the mains phase sequence 
 
Gas Supply 
minimal gas pressure 17 
mbar maximum gas pressure 50 
mbar 
 
Heating System 
heating return temperature. min. 35 °C, max. 60 °C 
heating supply temperature max. 75 °C 
pressure drop at the plate heat exchanger  0.07 bar at a flow rate of 800 l/h (between return and supply of the 
Mini 
CHP) 
temperature sensor standard NTC sensor 
outdoor temperature, room temperature, supply temperature, re-
turn temperature and storage temperature, depending on the op-
erational mode 
hot water adjustable: 5 °C - 70 °C, preparation in the combined tank or in the 
separate hot water 
tank 
(the factory setting of 60°C is recommendable) 
 
Exhaust Gas Pipe and Fresh Air Supply 
exhaust gas temperature operation: < 90 °C;   maximum: 120 °C; the ecopower air accesso-
ries- 
/ exhaust gas accessories is temperature proof according to 
„allge- meiner Bauaufsichtlicher Zulassung [general approval by 
site super- vision]“ up to 160 °C 
exhaust gas pipe exhaust gas pipe  Type B 
max. length: 20 m six 90° 
bends 
at ∅ 70 mm (connection: ∅ 75 mm) 
total drag 0.5 
mbar 
max. high pressure 2.0 mbar with wind impact 
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condensate drain via siphon into the sewage water system (max. 2 
l/h). 
connection ∅: 40 
mm 
pipe  connection ∅ Min.: 30 
mm 
the unit’s siphon for the condensate drain has to be installed on site 
(see figure 
13). 
combustion air depending on regulations out of the installation location or fresh 
air from outside 
pipe for fresh air supply max. length: 20 m with 90° bends 
min ∅ 70 mm (connection: ∅ 75 mm) 
 
Type Label Natural Gas 
 
    
Serial-Nr. 210599336006<<<<0089000001N( )  
PIN Code 0063AU3290 
CE 0085 
SVGW-Nr. 00-056-8 
country of destination DE, AT, CH 
categories natural gas I2H; I2E; I2L; I2LL 
preset for I2H (G20 20mbar) 
min. methane number 59 
B.. 
PMS 3 bar 
gas connexion pressure+ 50mbar 
speed range 1200-3600 1/min 
Pth = 4.0 - 12.5 kW 
Q = 5.9 - 19.0 kW 
Pel. = 1.3 - 4.7 kW 
el. Connection 3 * 400 V~, 50Hz 
input 5 - 180 W 
el. Safeguard 10A 
protection class IP 20 
Before installation please read installation guide! 
Before initial operation please read instruction 
manual! 
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Type Label Liquefied Petroleum Gas 
 
   
  
Serial-Nr.210599336007<<<<0089000001N( ) 
 
PIN Code 0063AU3290 
CE 0085 
SVGW-Nr. 00-056-8 
country of destination DE, AT, CH 
categories I3P, I3B/P 
preset for G31 50mbar 
min. octane number 92 
B.. 
PMS 3 bar 
max. gas connexion pres 50mbar 
speed range 1200-3600 1/min 
Pth = 4.5 - 13.8 kW 
Q = 6.5 - 20.0 kW 
Pel. = 1.4 - 4.7 kW 
el. connection 3 * 400 V~, 50Hz 
input 5 - 180 W 
el. Safeguard 10A 
protection class IP 20 
Before installation please read installation guidelines! 
Before initial operation please read the instruction 
manual! 
 
Requirements to the Assembly Room 
The Mini CHP must be set up on an even floor, otherwise the unit may move due to vibrations. For the im-
pact sound decoupling we recommend to place the Mini CHP on a base plate (pedestal)of at least 400kg 
which is separated from the other building fabric. Additionally the standard absorption dampers should be 
put under the bases. 
 
Secure the unit against mov-
ing! 
 
The required air renewal must be warranted in the assembly 
room: 
natural gas: As the Mini CHP is a gas installation the assembly room must be imperatively ventilated (di-
rectly from outdoors) with the required profile (at least 150 cm
2
) with a high lying fresh air vent which 
cannot be closed 
5
; 
liquefied petroleum gas: liquefied petroleum gas-Mini CHP must be installed above surface, otherwise spe-
cial safety precautions become necessary (artificial ventilation, gas detector)
6
; one upper and one lower vent 
each (min. 190 cm
2 
each) has to be provided
7
; 
notice: the (air) suction duct from outside does not count as room ventila-
tion. 
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Interfaces 
In the following figure the various connections to the ecopower Mini CHP are depicted schematically 
 
 
Initial Operation 
The Mini CHP must be initially operated by trained service technicians only. 
For the initial operation the operator has to be instructed on the operation and the safety regulations of the 
Mini CHP. He has to be handed over the instruction manual. 
 
Maintenance 
After every 4000 operating hours, but at least once a year maintenance has to be performed by a trained ser-
vice technician. 
Maintenance includes changing wear and tear parts of the engine (sparking plug, ignition cable, air filter and 
oil filter, oil) as well as checks, in particular of the exhaust gas adjustments. 
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Honda MCHP1.0 
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Appendix 2 
 
Table 27: NPV and DPB of new boiler 
NEW BOILER 
0 
 
5.777 € -6.000 € 
1 1,05 5.893 € 5.612 € 
2 1,10 6.131 € 5.561 € 
3 1,16 6.253 € 5.402 € 
4 1,22 6.378 € 5.247 € 
5 1,28 6.506 € 5.097 € 
6 1,34 6.636 € 4.952 € 
7 1,41 6.769 € 4.810 € 
8 1,48 6.904 € 4.673 € 
9 1,55 7.042 € 4.539 € 
10 1,63 7.183 € 4.410 € 
11 1,71 7.327 € 4.284 € 
12 1,80 7.473 € 4.161 € 
13 1,89 7.623 € 4.042 € 
14 1,98 7.775 € 3.927 € 
15 2,08 7.931 € 3.815 € 
16 2,18 8.089 € 3.706 € 
17 2,29 8.251 € 3.600 € 
18 2,41 8.416 € 3.497 € 
19 2,53 8.584 € 3.397 € 
20 2,65 8.756 € 3.300 € 
  
NPV 82.033 € 
  
DPB 1,1 
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Table 28: NPV and DPB of CHP with electric water heater 
CHP with Electric water heater 
0 
 
3.652 € -23.000 € 
1 1,05 3.725 € 3.548 € 
2 1,10 3.800 € 3.619 € 
3 1,16 3.876 € 3.515 € 
4 1,22 3.953 € 3.415 € 
5 1,28 4.032 € 3.317 € 
6 1,34 4.113 € 3.222 € 
7 1,41 4.195 € 3.130 € 
8 1,48 4.279 € 3.041 € 
9 1,55 4.364 € 2.954 € 
10 1,63 4.452 € 2.870 € 
11 1,71 4.541 € 2.788 € 
12 1,80 4.632 € 2.708 € 
13 1,89 4.724 € 2.631 € 
14 1,98 4.819 € 2.555 € 
15 2,08 4.915 € 2.482 € 
16 2,18 5.013 € 2.412 € 
17 2,29 5.114 € 2.343 € 
18 2,41 5.216 € 2.276 € 
19 2,53 5.320 € 2.211 € 
20 2,65 5.427 € 2.148 € 
  
NPV 34.183 € 
  
DPB 6,8 
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Table 29: NPV and DPB of CHP with DHW 
CHP with DHW 
0 
 
4.323 € -23.000 € 
1 1,05 4.409 € 4.199 € 
2 1,10 4.498 € 4.080 € 
3 1,16 4.588 € 4.161 € 
4 1,22 4.679 € 4.042 € 
5 1,28 4.773 € 3.927 € 
6 1,34 4.868 € 3.815 € 
7 1,41 4.966 € 3.706 € 
8 1,48 5.065 € 3.600 € 
9 1,55 5.166 € 3.497 € 
10 1,63 5.270 € 3.397 € 
11 1,71 5.375 € 3.300 € 
12 1,80 5.483 € 3.206 € 
13 1,89 5.592 € 3.114 € 
14 1,98 5.704 € 3.025 € 
15 2,08 5.818 € 2.939 € 
16 2,18 5.935 € 2.855 € 
17 2,29 6.053 € 2.773 € 
18 2,41 6.174 € 2.694 € 
19 2,53 6.298 € 2.617 € 
20 2,65 6.424 € 2.542 € 
  
NPV 44.486 € 
  
DPB 5,8 
 
  
102 
 
Table 30: NPV and DPB of CHP with DHW and Storage 
CHP-STORAGE-DHW 
0 
 
5.296 € -25.000 € 
1 1,05 5.402 € 5.145 € 
2 1,10 5.510 € 4.998 € 
3 1,16 5.620 € 5.098 € 
4 1,22 5.733 € 4.952 € 
5 1,28 5.847 € 4.811 € 
6 1,34 5.964 € 4.673 € 
7 1,41 6.083 € 4.540 € 
8 1,48 6.205 € 4.410 € 
9 1,55 6.329 € 4.284 € 
10 1,63 6.456 € 4.161 € 
11 1,71 6.585 € 4.043 € 
12 1,80 6.717 € 3.927 € 
13 1,89 6.851 € 3.815 € 
14 1,98 6.988 € 3.706 € 
15 2,08 7.128 € 3.600 € 
16 2,18 7.270 € 3.497 € 
17 2,29 7.416 € 3.397 € 
18 2,41 7.564 € 3.300 € 
19 2,53 7.715 € 3.206 € 
20 2,65 7.870 € 3.114 € 
  
NPV 57.675 € 
  
DPB 5,0 
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Table 31: NPV and DPB of CHP with DHW, Storage and new boiler 
CHP+DHW+STORAGE+ new BOILER 
 
0 
 
8.940 € -30.000 € 
 
1 1,05 9.119 € 8.685 € 
 
2 1,10 9.301 € 8.436 € 
 
3 1,16 9.487 € 8.605 € 
 
4 1,22 9.677 € 8.359 € 
 
5 1,28 9.870 € 8.120 € 
 
6 1,34 10.068 € 7.888 € 
 
7 1,41 10.269 € 7.663 € 
 
8 1,48 10.475 € 7.444 € 
 
9 1,55 10.684 € 7.231 € 
 
10 1,63 10.898 € 7.025 € 
 
11 1,71 11.116 € 6.824 € 
 
12 1,80 11.338 € 6.629 € 
 
13 1,89 11.565 € 6.440 € 
 
14 1,98 11.796 € 6.256 € 
 
15 2,08 12.032 € 6.077 € 
 
16 2,18 12.273 € 5.903 € 
 
17 2,29 12.518 € 5.735 € 
 
18 2,41 12.769 € 5.571 € 
 
19 2,53 13.024 € 5.412 € 
 
20 2,65 13.284 € 5.257 € 
   
NPV 109.561 € 
   
DPB 3,5 
 
 
 
 
 
 
 
104 
 
Table 32: NPV and DPB of CHP and new boiler 
New building with chp and new boiler 
0 
 
949 € -10.000 € 
1 1,05 968 € 922 € 
2 1,10 987 € 896 € 
3 1,16 1.007 € 913 € 
4 1,22 1.027 € 887 € 
5 1,28 1.048 € 862 € 
6 1,34 1.069 € 837 € 
7 1,41 1.090 € 813 € 
8 1,48 1.112 € 790 € 
9 1,55 1.134 € 768 € 
10 1,63 1.157 € 746 € 
11 1,71 1.180 € 724 € 
12 1,80 1.204 € 704 € 
13 1,89 1.228 € 684 € 
14 1,98 1.252 € 664 € 
15 2,08 1.277 € 645 € 
16 2,18 1.303 € 627 € 
17 2,29 1.329 € 609 € 
18 2,41 1.355 € 591 € 
19 2,53 1.383 € 574 € 
20 2,65 1.410 € 558 € 
  
NPV 4.815 € 
  
DPB 12,2 
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Appendix 3 
 
Article 5: Price rationalization of energy produced by R.E.S. and C.H.P. stations 
 
1. Paragraph 2 of article 12 of law No 3468/2006, as it applies, is replaced as follows: 
“2. The contract for the sale of electrical energy produced by R.E.S. and C.H.P. stations is valid for 
twenty (20) years and may be extended, in line with the conditions of the particular license, with a 
written agreement of the parties, providing that the production license is valid. Specifically the con-
tract for the sale of electrical energy produced by solar thermal power stations producing electrical 
energy is valid for twenty five (25) years and may be extended as specified in the previous verse.” 
2. Paragraph 1 of article 13 of law No. 3468/2006, as it applies, is replaced as follows: 
“1. The electrical energy produced by a Producer or Self-Producer through a station used for the pro-
duction of electrical energy from R.E.S. or from C.H.P. or through a Hybrid Station and is absorbed by 
the System or by the Network, in line with the provisions of articles 9,10 and 12, is charged, on a 
monthly basis, according to the following: 
α) The pricing is done based on the price, in euro per megawatt (MWh), of the electrical energy ab-
sorbed by the System or by the Network, including the Network of Non Interconnected Islands. 
β) The pricing of electrical energy in the previous case, with the exception of the electrical energy 
produced by solar (photovoltaic) stations for which separate prices have been specified by  law No 
3734/2009 (8A’), as it applies, is carried out on the basis of the following table:  
 
 
 
Production of electrical energy from: 
Price of Energy (€/MWh) 
 
Interconnected 
System 
Non 
Interconnected 
Islands 
 (ιστ) C.H.P. 87,85xΣΡ 99,45xΣΡ 
 
 
  
106 
 
The prices in cases (ιστ) of the above table concerning C.H.P. stations using natural gas are increased 
using a factor (ΣΡ) which is dependent on the natural gas prices which is specified as follows: 
 
ΣΡ = 1+(ΜΤΦΑ-26)/(100 x ηel)  
 
Where 
 
ΜΤΦΑ: the three-monthly median by unit selling price of natural gas for co-production in €/MWh of 
higher thermal generating power (H.T.G.P.) to the users of Natural Gas in Greece, excluding the elec-
trical production clients. This price is determined with the care of Public Gas Corporation SA (DEPA) 
who notifies every three months the Hellenic Transmission System Operator SA (DESMIE). 
ηel: the electrical degree of performance of the C.H.P. clause on natural gas of higher thermal gener-
ating power (H.T.G.P.), which is specified at 0.33 for C.H.P. units ≤1MWe, and at 0.35 for C.H.P. units 
>1MWe. The value of the ΣΡ cannot be smaller than one. In the case where the above C.H.P who use 
natural gas, utilize the emissions for farming purposes the ΣΡ can increase with a decision of RAE up 
to 20%. The prices for producers and Self-Producers of electrical energy produced by C.H.P. stations 
are calculated monthly taking into account the Μ.Τ.Φ.Α of the last three-months. 
The prices in the above chart for Self-Producers of electrical energy are valid only for R.E.S. and 
C.H.P. stations with installed capacity up to 35MW and for the surplus of electrical energy made 
available through the System or the Network, which may rise up to 20% of the total electrical energy 
produced by these stations on an annual basis. The prices for producers and Self-Producers of elec-
trical energy produced by C.H.P. stations are calculated monthly taking into account the Μ.Τ.Φ.Α of 
the last three-months. 
 
 
 
